All relevant data are within the paper and in [S1 Data](#pbio.3000681.s010){ref-type="supplementary-material"} file. Metabolic network reconstructions and the resulting BioCyc metabolism databases are available at <http://artsymbiocyc.cycadsys.org>.

Introduction {#sec001}
============

Nutrition is the major environmental factor that determines to what extent an organism can realize its genetically-encoded growth potential \[[@pbio.3000681.ref001]\]. The attributes of nutrition are defined by the quantity \[[@pbio.3000681.ref002]\], quality \[[@pbio.3000681.ref003]\], and bioavailability \[[@pbio.3000681.ref004]\] of different nutrients in the diet. Nutrients are classified as nonessential or essential \[[@pbio.3000681.ref003]\] based on the organism's biosynthetic capacities. Diets deficient in essential nutrients cause important growth and maturation delays or even growth arrest or "stunting", characterized by low height-for-age score \[[@pbio.3000681.ref005]\]. In addition, some nutrients are conditionally essential. These nutrients can be synthesized by the organism but insufficiently under certain metabolically demanding conditions such as juvenile growth. Therefore, these conditionally essential nutrients also need to be retrieved from the diet like the essential ones. Deficient consumption of conditionally essential nutrients can also be detrimental for growth \[[@pbio.3000681.ref003]\].

The intricate relationship between nutrition and growth is modulated by gut microbes. In a classical twin study in humans, Smith and colleagues unequivocally demonstrated that the gut microbiota composition of the juvenile subject suffering from stunting is significantly different from that of the healthy twin. When the fecal microbiota from the discordant twins were transplanted into genetically identical germ-free (GF) mice fed a poor diet, the recipients of the microbiota from the stunted twin performed poorly in terms of growth gain and weight recovery compared to the recipients of the microbiota of the healthy twin \[[@pbio.3000681.ref006]\]. Furthermore, genomic analyses of gut microbiota from children experiencing strong acute malnutrition showed significant under-representation in pathways of amino acid biosynthesis and uptake, carbohydrate utilization, and B-vitamin metabolism \[[@pbio.3000681.ref007]\]. Diets supplemented with nutrients favoring the growth of bacteria enriched in these under-represented pathways increase plasma biomarkers and levels of mediators of growth, bone formation, neurodevelopment, and immune function in children with moderate acute malnutrition \[[@pbio.3000681.ref007]\]. These studies clearly show that microbes strongly impact how organisms respond to changes in their nutritional environment.

Diverse animal models are employed to decipher the physiological, ecological, genetic, and molecular mechanisms underpinning host/microbiota/diet interactions. Among them, *Drosophila melanogaster* is frequently chosen to study the impact of the nutritional environment on growth and development thanks to its short growth period as well as easy and cost-effective rearing conditions. During the juvenile phase of the *Drosophila* life cycle, larvae feed constantly and increase their body mass approximately 200 times until entry into metamorphosis \[[@pbio.3000681.ref008]\]. However, the pace and duration of larval growth can be altered by the nutritional context and the host-associated microbes \[[@pbio.3000681.ref009]--[@pbio.3000681.ref011]\]. Like other animals, *Drosophila* live in constant association with microbes, including bacteria and yeast \[[@pbio.3000681.ref012]\]. The impact of the host-associated microbes can be systematically assessed by generating gnotobiotic flies associated with a defined set of bacterial strains \[[@pbio.3000681.ref013]--[@pbio.3000681.ref015]\]. Lab-reared flies typically carry bacterial strains from only 4 to 8 species. The microbiota from wild flies are more complex. Nevertheless, they are usually dominated by members of the genera *Acetobacter* and *Lactobacillus* \[[@pbio.3000681.ref016]--[@pbio.3000681.ref022]\]. Most bacterial strains from these dominant genera are easy to culture in the lab, and some have even been genetically engineered for functional studies of host--microbe interactions \[[@pbio.3000681.ref023]--[@pbio.3000681.ref025]\]. These model bacteria are facultative symbionts that are constantly horizontally acquired \[[@pbio.3000681.ref026]--[@pbio.3000681.ref028]\]. Even though recent experimental evidence shows that wild bacterial isolates can persistently colonize the adult crop \[[@pbio.3000681.ref022],[@pbio.3000681.ref029]\], bacteria associated to the larval gut are in fact transient; they constantly shuttle between the larval gut and the food substrate to establish a mutualistic cycle with the host \[[@pbio.3000681.ref030],[@pbio.3000681.ref031]\].

We and others have previously shown that GF larvae raised in poor nutritional conditions show important developmental delays, and association with single model bacterial strains can accelerate *Drosophila* development under these nutritional challenges \[[@pbio.3000681.ref020],[@pbio.3000681.ref025]\]. Specifically, *Acetobacter pomorum*^WJL^ (Ap^WJL^) modulates developmental rate and final body size through the insulin/insulin-like growth factor signaling (IIS) pathway, and its intact acetate production machinery is critical \[[@pbio.3000681.ref025]\]. *Lactobacillus plantarum*^WJL^ or *L*. *plantarum*^NC8^ (Lp^NC8^) promotes host juvenile growth and maturation partly through enhanced expression of intestinal peptidases upon sensing bacterial cell wall components by *Drosophila* enterocytes \[[@pbio.3000681.ref020],[@pbio.3000681.ref023],[@pbio.3000681.ref032]\]. Interestingly, the growth-promoting effect of these bacteria is striking under nutritional scarcity, suggesting that besides the molecular dialogue engaged between the bacteria and their host to enhance protein digestion and compensate for reduced dietary macronutrient intake, bacteria-mediated growth promotion on globally scarce diets may also include specific compensation of essential nutrients, as recently reported for thiamin \[[@pbio.3000681.ref033]\]. However, how the presence of such bacteria systematically alters the host's nutritional environment and satisfies the host's nutritional requirements remains unexplored. To do so, we assessed the bacterial contribution to *Drosophila* larval growth in 40 different and strictly controlled nutritional contexts based on chemically defined Holidic Diets (HDs).

HDs comprise a mixture of pure chemical ingredients that satisfy the different physiological requirements of the *Drosophila* host \[[@pbio.3000681.ref034],[@pbio.3000681.ref035]\]. By altering the concentration of each or a combination of ingredients, one can exactly tailor the experiments by generating specific nutrient deficiencies or excess \[[@pbio.3000681.ref036]\]. The first development of HDs supporting the growth of *Drosophila* can be traced back to the 1940s \[[@pbio.3000681.ref037]\], and they were used to assess the direct impact of the nutritional environment on axenic larvae in the 1950s \[[@pbio.3000681.ref038],[@pbio.3000681.ref039]\]. HDs were then used to investigate the links between nutrition and life span \[[@pbio.3000681.ref040]--[@pbio.3000681.ref043]\], fecundity \[[@pbio.3000681.ref040]--[@pbio.3000681.ref042],[@pbio.3000681.ref044]\], food choice behavior \[[@pbio.3000681.ref045],[@pbio.3000681.ref046]\], nutrient sensing \[[@pbio.3000681.ref047]\], and growth and maturation \[[@pbio.3000681.ref033],[@pbio.3000681.ref040]--[@pbio.3000681.ref042],[@pbio.3000681.ref048]--[@pbio.3000681.ref050]\]. In this study, we adopted the recently developed fly exome-matched amino acid ratio (FLYAA) HD in which the amino acid concentrations are calculated so that they match the amino acid ratios found in the translated exome of the fly \[[@pbio.3000681.ref040]\]. The FLYAA HD is optimal for both fecundity and life span of adults, and it can efficiently support larval growth, albeit not to the optimal growth and maturation rate obtained with rich oligidic diets \[[@pbio.3000681.ref034]\]. Using this chemically defined HD, we aimed to deconstruct in a systematic manner the microbial contribution to the host's nutritional requirements down to individual nutrients.

To do so, we first needed to establish the biosynthetic capacities of GF larvae and 2 model *Drosophila*-associated bacteria: Ap^WJL^ and Lp^NC8^ on HD. We further complemented the in vivo study with automated metabolic network reconstruction based on the genome sequences of *D*. *melanogaster*, Ap^WJL^, and Lp^NC8^. In recent years, metabolic approaches based on genome-driven network reconstructions have been applied to predict the potential metabolic dependencies and metabolic exchanges between hosts and associated microbes \[[@pbio.3000681.ref051]--[@pbio.3000681.ref056]\]. The mutualistic association between the pea aphid *Acyrthosiphon pisum* and its obligate intracellular symbiont *Buchnera aphidicola* was the first symbiotic association for which genomic information were available on both partners and is a case study for a comprehensive survey of integrated host--symbiont metabolic interactions. In this model, decades of nutritional experiments using HDs and aposymbiotic aphids were reinterpreted in the light of newly available genomic data, thus changing the traditional paradigm that proposed a clear separation between the pathways of the host and its symbionts and revealing a particularly integrated metabolic network that is the result of the long coevolution of the insect with its obligate endosymbionts \[[@pbio.3000681.ref057],[@pbio.3000681.ref058]\]. This example shows how important it is to integrate theoretical and experimental approaches to model metabolic pathways of symbiotic partners and properly dissect the functioning of their associations.

Here, we report that association of GF larvae with Ap^WJL^ or Lp^NC8^ modifies the nutritional requirements of ex-GF larvae in a specific manner for each bacterium. We show that Ap^WJL^ and Lp^NC8^ not only modify the nutritional environment of their host by fortifying diets with essential nutrients, they functionally compensate host auxotrophies despite not synthetizing the missing nutrient, probably by either providing a nutrient derivative to the host or by uptaking, concentrating, and delivering contaminant traces of the missing micronutrient.

Results and discussion {#sec002}
======================

Metabolic network reconstruction of the host (*D*. *melanogaster*) and its associated bacteria, Ap^WJL^ and Lp^NC8^, was automatically generated using the Cyc Annotation Database System (CycADS) pipeline \[[@pbio.3000681.ref059]\]. The resulting BioCyc metabolism databases are available at <http://artsymbiocyc.cycadsys.org> for annotation and analysis purposes. We generated the enriched functional annotations of all the predicted proteins from the complete genomes of *D*. *melanogaster* (*Drosophila*, RefSeq GCF_000001215.4 release 6), *A*. *pomorum* strain DM001 (Ap^WJL^, accession National Center for Biotechnology Information \[NCBI\] Bioproject PRJNA60787), and *L*. *plantarum* subsp. *plantarum* NC8 (Lp^NC8^, NCBI Bioproject PRJNA67175). From the genomic analyses, we inferred all pathways allowing production of the organic compounds that are present in the exome-based FLYAA HD developed by Piper and colleagues \[[@pbio.3000681.ref040]\]: fly essential and nonessential amino acids (EAAs^Fly^ (*n* = 10) and NEAAs^Fly^ (*n* = 10)), B-vitamins (*n* = 7), cholesterol (*n* = 1), and nucleic acids and lipid precursors (NALs, *n* = 4).

*D*. *melanogaster* biosynthetic capabilities inferred from genome-based metabolic network reconstruction {#sec003}
---------------------------------------------------------------------------------------------------------

Although a BioCyc metabolic reconstruction of *D*. *melanogaster* is already publicly available (<https://biocyc.org/FLY>), we constructed an improved BioCyc database using a recent genome version and annotation \[[@pbio.3000681.ref059]\]. This metabolic reconstruction identified 22,189 protein-encoding genes, including 5,061 enzymes and 156 transporters associated with 1,610 compounds assembled in a network of 331 pathways (versus the 227 pathways found in BioCyc). Like other metazoans, *Drosophila* possesses the gene repertoire to produce all the NEAAs^Fly^ but is unable to produce the EAAs^Fly^ ([Fig 1A](#pbio.3000681.g001){ref-type="fig"} and [S1 Table](#pbio.3000681.s004){ref-type="supplementary-material"}). *Drosophila* can also produce myoinositol, inosine, and uridine but is unable to synthesize vitamins from simple precursors ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}).

![Expert automated genome annotation and metabolic network reconstruction of *Drosophila*, Ap^WJL^, and Lp^NC8^.\
(A) Amino acid biosynthetic pathways. (B) Vitamins and cofactors biosynthetic pathways. Left panels, *D*. *melanogaster*. Central panels, Ap^WJL^. Right panels, Lp^NC8^. Color code: blue, biosynthesized amino acids or vitamins; brown, limited amino acid or vitamin biosynthesis (biosynthesis of the metabolite may be possible, but it is limited and/or requires secondary metabolic pathways); black, nonbiosynthesized amino acids or vitamins; gray, pathway intermediary metabolites. Red cross: nonfunctional pathway (lack of key enzyme\[s\]). Orange nods, major metabolic pathways. α-cglu, α-keto-glutarate; AceCoA, Acetyl-CoA; Ant, Antranilate; Ap^WJL^, *A*. *pomorum*^WJL^; Aro, Arogenate; Cho, chorismate; Cit, Citrate; Cysta, Cystathionine; Dihyn-P3, 7,8-Dihydroneopterin-3′-P3; Dm-ribi, 6,7-Dimethyl-8-ribityllumazine; Ery-4P, Erythrose-4P; FAD, Flavin Adenine Dinucleotide; FMN, Flavin mononucleotide; Fum, Fumarate; Glc, Glucose; Gly-3P, Glycerate-3P; Homocys, Homocysteine; Homoser, Homoserine; Ind, Indole; Lp^NC8^, *L*. *plantarum*^NC8^; Orn, Ornithine; Oxa, Oxaloacetate; P-ra-imi, 1-(5′-Phospho-ribosyl)-5-aminoimidazole; Phoser, Phosphoserine; Pre, Prephenate; Pyn-P, Pyridoxine phosphate; Pyr, Pyruvate; Rib-5P, Ribose-5P; TCA, Tricarboxylic acid Cycle; \[ThiS\]-COSH, \[ThiS\]-thiocarboxylate.](pbio.3000681.g001){#pbio.3000681.g001}

Ap^WJL^ biosynthetic capabilities inferred from genome-based metabolic network reconstruction {#sec004}
---------------------------------------------------------------------------------------------

According to our metabolic reconstruction, the Ap^WJL^ genome comprises 4,268 protein-encoding genes including 1,326 enzymes and 46 transporters associated with 1,306 compounds assembled in a network of 313 pathways. Ap^WJL^ is a complete autotroph for all amino acids and possesses the genetic potential to produce the DNA bases inosine and uridine and 5 of the 7 vitamins present in the HD: biotin, folate, pantothenate, riboflavin, and thiamine ([Fig 1A and 1B](#pbio.3000681.g001){ref-type="fig"} and [S1](#pbio.3000681.s004){ref-type="supplementary-material"} and [S2](#pbio.3000681.s005){ref-type="supplementary-material"} Tables). The first 2 steps of the nicotinate pathway (Enzyme Commission \[EC\] number 1.4.3.16 and 2.5.1.72) seem lacking in Ap^WJL^. However, 3 candidate proteins (protein encoding genes \[pegs\].1228, 1229, and 1231) encode the succinate dehydrogenase enzymatic activity (EC 1.3.5.1). This enzyme can alternatively use oxygen or fumarate as an O-donor, depending on aerobic or anaerobic living conditions. Hence, this enzyme can switch between its aerobic condition activity (EC 1.3.5.1) towards its anaerobic condition activity (EC 1.4.3.16) using fumarate as a substrate and producing imminoaspartate. Hence, assuming that one of these genes can produce the activity at a sufficient rate in aerobic conditions in Ap^WJL^, then the bacteria would be able to produce NAD^+^ and NADP^+^ from Asp ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). The biosynthesis of pyridoxine is almost complete in Ap^WJL^. Although we were not able to detect specific activities for the first 2 steps of the pathway, we propose (see below) that the bacteria have the capability to produce vitamin intermediates using enzymes with very close activities ([S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). Note that pyridoxine is reported as nonessential for acetic acid bacteria \[[@pbio.3000681.ref060]\]. In summary, Ap^WJL^ genome analysis predicts that it is able to synthesize all amino acids, DNA bases, and the 7 B-vitamins (biotin, folate, pantothenate, riboflavin, thiamine, and intermediates of nicotinate and pyridoxine) present in HDs. However, we found no genomic support for the synthesis of choline and myoinositol in the Ap^WJL^ genome.

Lp^NC8^ biosynthetic capabilities inferred from genome-based metabolic network reconstruction {#sec005}
---------------------------------------------------------------------------------------------

Metabolic reconstruction from the Lp^NC8^ genome generated a database that includes 2,868 protein-encoding genes, consisting of 973 enzymes and 74 transporters associated with 1,154 compounds, all assembled in a network of 246 metabolic pathways. From a genomic perspective ([Fig 1A](#pbio.3000681.g001){ref-type="fig"} and [S1](#pbio.3000681.s004){ref-type="supplementary-material"} and [S2](#pbio.3000681.s005){ref-type="supplementary-material"} Tables), Lp^NC8^ is able to produce most amino acids from glucose or inner precursors with the exception of Phe, sulfur-containing amino acids (Cys, Met), and branched-chain amino acids (BCAAs; Ile, Leu, Val). Arg is known to be limiting \[[@pbio.3000681.ref061]\] or essential to certain *L*. *plantarum* strains \[[@pbio.3000681.ref062],[@pbio.3000681.ref063]\], yet the Lp^NC8^ genome encodes a complete Arg biosynthesis pathway. A manual curation of the pathway showed that the Lp^NC8^'s *argCJBDF* operon should be functional because it does not contain stop codons, frameshifts, or deletions. Lp^NC8^ may produce Ala and Asp only using secondary metabolic routes ([S1 Table](#pbio.3000681.s004){ref-type="supplementary-material"}). Therefore, Lp^NC8^ is expected to acquire these amino acids from the diet or to have an altered growth when they are absent from the diet. Similarly, biosynthesis of Thr is directly linked to Asp and Cys and is probably very limited in Lp^NC8^.

Regarding vitamins and bases biosynthesis, Lp^NC8^ is able to produce folate, riboflavin, and thiamine (through the pyrimidine salvage pathway \[2.1.7.49\]), as well as all DNA bases including uridine and inosine ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). Lp^NC8^ is not able to synthesize biotin, pyridoxine, pantothenate, choline, and myoinositol. Based on our genomic analysis, Lp^NC8^ is not able to achieve the entire nicotinate biosynthetic pathway from Asp nor from Trp, as described in eukaryotes and in some bacteria \[[@pbio.3000681.ref064]\]; even if the first step of the pathway could possibly be accomplished by the succinate dehydrogenase, as described above for Ap^WJL^, the other 2 enzymes of the initial part of the pathway are missing ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}).

Collectively, our metabolic networks reconstruction shows that *Drosophila* and its associated bacteria have differential biosynthetic capacities. Indeed, some of the complete biosynthetic pathways are only present in one organism, while others are present in 2 or all 3 partners ([Fig 2](#pbio.3000681.g002){ref-type="fig"}). In addition, we did not detect incomplete biosynthetic pathways potentially complemented between the host and its associated bacteria (Figs [1](#pbio.3000681.g001){ref-type="fig"} and [2](#pbio.3000681.g002){ref-type="fig"}), as previously observed for obligate mutualistic partners \[[@pbio.3000681.ref057],[@pbio.3000681.ref058]\].

![*Drosophila*, Ap^WJL^, and Lp^NC8^ have differential biosynthetic capacities of nutrients contained in the HD.\
Venn diagram represents the number of nutrients present in the FLYAA HD that can be synthesized by each organism. The list of corresponding metabolites is provided. Dotted circles: biosynthesis of this metabolite by Lp^NC8^ (green) may be possible but might be limiting. Ap^WJL^, *A*. *pomorum*^WJL^; FLYAA, fly exome-matched amino acid ratio; HD, Holidic Diet; Lp^NC8^, *L*. *plantarum*^NC8^.](pbio.3000681.g002){#pbio.3000681.g002}

Experimental validation of *Drosophila*-associated bacteria auxotrophies using HDs {#sec006}
----------------------------------------------------------------------------------

In order to experimentally test the metabolic potential of *Drosophila* and its associated bacteria predicted by our automated genome annotations and subsequent metabolic pathway reconstructions (see above), we adopted the exome-based FLYAA HD \[[@pbio.3000681.ref040]\]. We systematically removed a single component at a time to generate 39 different fly nutritional substrates (henceforth named HDΔX, X being the nutrient omitted), plus one complete HD medium. This medium can also be prepared in a liquid version by omitting agar and cholesterol from the recipe. Liquid HDs can then be used to assess bacterial growth in 96-well plates, increasing the experimental throughput.

We first assessed Ap^WJL^ and Lp^NC8^ growth in each of the 40 different liquid HDs for 72 h, using maximal optical density (OD~Max~) as a readout ([Fig 3A](#pbio.3000681.g003){ref-type="fig"} and [S3 Table](#pbio.3000681.s006){ref-type="supplementary-material"}). In the complete HD, both Ap^WJL^ and Lp^NC8^ grow well ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}, first line). On the deficient media, Ap^WJL^ can grow in HDΔSucrose, presumably using acetate from the acetate buffer as a carbon source. Also, its growth is not altered in the absence of any of EAAs^Fly^, vitamins, or NALs. However, while Ap^WJL^ growth is not impacted by the lack of most NEAAs^Fly^, it grows poorly in HDΔAla, HDΔCys, and HDΔGlu. In addition, Ap^WJL^ fails to grow in HDΔCu, HDΔFe, and HDΔMg ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}, first column and [S3 Table](#pbio.3000681.s006){ref-type="supplementary-material"}). The broad growth capacity of Ap^WJL^ in HDs correlates well with the wide range of environmental niches the genus *Acetobacter* can colonize. *Acetobacter* species are found in sugar-rich niches such as flowers and fruits but also in poorer niches such as soil and water, where they need to synthesize all the nutrients required for their own growth \[[@pbio.3000681.ref065]\]. These findings corroborate our genome-based predictions ([Fig 1](#pbio.3000681.g001){ref-type="fig"}). Furthermore, the genome-based metabolic pathway reconstruction predicted that Ap^WJL^ would not be able to synthesize choline and myoinositol; however, we observed that Ap^WJL^ grows in their absence. Choline is an important precursor of phosphatidylcholine (PC), which is a major component of *Acetobacter* membranes and plays an important role in conferring acetic acid tolerance. Despite its importance, PC is not essential for *Acetobacter* growth. Indeed, mutants precluding PC synthesis show a shift towards increased membrane content of phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) and do not show any growth defects in standard medium \[[@pbio.3000681.ref066]\]. Similarly, Ap^WJL^ likely does not need myoinositol for its growth because inositol compounds are absent from the membrane of most bacteria \[[@pbio.3000681.ref067]\]. Regarding nicotinate and pyridoxine, the biosynthesis pathways of these 2 vitamins are only partial and do not support the production of the final molecules ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}); however, intermediates such as pyridoxine phosphate, pyridoxal-5-phosphate, and pyridoxamine or nicotinate-D-ribonucleotide, NAD^+^, and NADP^+^ may be synthesized and would support bacterial growth in nicotinate- or pyridoxine-depleted diets. Interestingly, Ap^WJL^ growth was only precluded in the absence of some metal ions: Cu, Fe, and Mg. Metal ions are important cofactors required for enzymatic activities \[[@pbio.3000681.ref068]\]. Specifically, in acetic acid bacteria, Cu is an important cofactor of the energy-producing cytochromes of the respiratory chain \[[@pbio.3000681.ref069]\], making it essential for Ap^WJL^ growth.

![Ap^WJL^ and Lp^NC8^ auxotrophies detected in liquid fly HD.\
(A) Heat map representing the mean OD~Max~ reached by Ap^WJL^ or Lp^NC8^ after 72 h of culture. Each line shows growth in a different version of the liquid HD: complete HD (first line) or HD lacking nutrient X (ΔX, lines below). Cultures were made in 96-well plates under agitation. Asterisks (\*) pinpoint contradictions with our metabolic pathway automated annotations, which are explained in panel B. (B) Growth of Lp^NC8^ in 4 versions of liquid HD: complete HD, HDΔThr, HDΔAla, and HDΔAsp in static conditions. Plot shows means with standard error based on 3 replicates by assay. Each dot represents an independent replicate. The dashed line represents the level of inoculation at *t* = 0 h (10^4^ CFUs per mL). Ap^WJL^, *A*. *pomorum*^WJL^; CFU, colony-forming unit; EAA^Fly^, fly essential amino acid; HD, Holidic Diet; Lp^NC8^, *L*. *plantarum*^NC8^; NALs, nucleic acids and lipids; NEAA^FLY^, fly nonessential amino acid; OD~Max~, maximal optical density.](pbio.3000681.g003){#pbio.3000681.g003}

We detected far more nutritional auxotrophies for Lp^NC8^ on HDs ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}, second column and [S3 Table](#pbio.3000681.s006){ref-type="supplementary-material"}). Lp^NC8^ fails to grow in HDΔSucrose because sucrose is the only suitable carbon source for this strain in the liquid HD. Also, Lp^NC8^ growth is precluded in the absence of 9 amino acids, including 6 EAAs^Fly^ (Arg, Ile, Leu, Phe, Thr, Val) and 3 NEAAs^Fly^ (Ala, Asp, Cys). It also grows poorly in media lacking the EAAs^Fly^ Lys, Met, and Trp and the NEAAs^Fly^ Asn and Glu. Moreover, Lp^NC8^ does not grow in HDΔBiotin and HDΔPantothenate. However, it slightly grows in absence of nicotinate, despite the prediction from our genome-based metabolic pathway reconstruction that nicotinate could not be produced ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). Finally, Lp^NC8^ growth is not affected by the lack of any NALs and even increased in the absence of certain metal ions such as Ca, Cu, Mg, and Zn. In contrast, Lp^NC8^ growth is significantly reduced in HDΔMn. These relatively elevated nutritional requirements of Lp^NC8^ were expected because *L*. *plantarum* is a species adapted to nutrient-rich environments \[[@pbio.3000681.ref070]\]. Hence, many *L*. *plantarum* strains have lost the capacity to synthesize various nutrients that can easily be found in their natural habitats \[[@pbio.3000681.ref070],[@pbio.3000681.ref071]\]. The inability of *L*. *plantarum* to synthesize important nutrients such as BCAAs (Ile, Leu, and Val) or the B-vitamin pantothenate was previously identified by both genome analyses \[[@pbio.3000681.ref062]\] and growth studies in chemically defined minimal media \[[@pbio.3000681.ref061],[@pbio.3000681.ref072],[@pbio.3000681.ref073]\]. Moreover, it is known that *L*. *plantarum* needs Mn to resist oxidative stress \[[@pbio.3000681.ref074]\], which explains its poor growth in HDΔMn.

Our experimental data only partially correlate with the results of the genome-based predictions. Predicted auxotrophies for Ile, Leu, Val, Phe, Cys, pantothenate, and biotin were confirmed in vivo. The identified Arg auxotrophy was not surprising because, as mentioned above, Arg is often described as essential to *L*. *plantarum* in high-metabolic--demanding conditions even though all the genes necessary for Arg biosynthesis are present. However, auxotrophies of Lp^NC8^ to Thr, Ala, and Asp were not expected ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}, denoted by "\*"), even though these amino acids were predicted to be limiting (see above). As mentioned previously, bacterial growth in liquid HDs was assessed in 96-well plates using a microplate reader (see [Materials and methods](#sec015){ref-type="sec"}). Every cycle includes an agitation step to homogenize the solution to improve OD reading accuracy. This agitation step may oxygenate the media and thus negatively affects Lp^NC8^ growth in suboptimal nutritional conditions because *L*. *plantarum* strains are aerotolerant, but optimal growth is achieved under microaerophilic or anaerobic conditions \[[@pbio.3000681.ref075]\]. To challenge these unexpected auxotrophies, we assessed Lp^NC8^ growth in liquid HDΔThr, HDΔAla, and HDΔAsp in 15-mL closed falcon tubes without agitation. After 72 h of incubation, we determined colony-forming unit (CFU) counts in each media ([Fig 3B](#pbio.3000681.g003){ref-type="fig"}). As predicted by our genomic analyses, Lp^NC8^ was now able to grow in each of the 3 deficient media in static conditions to the same extent as in the complete HD ([Fig 3B](#pbio.3000681.g003){ref-type="fig"}). Therefore, Lp^NC8^ auxotrophies observed for Thr, Ala, and Asp in 96-well plates are likely due to excessive oxygenation. This could also explain the poor growth of Lp^NC8^ in the absence of the EAAs^Fly^ Lys, Met, and Trp and the NEAAs^Fly^ Asn and Glu.

Surprisingly, the ability of Lp^NC8^ to grow in HDΔCholine, HDΔMyoinositol, HDΔNicotinate, and HDΔPyridoxine does not correlate with our metabolic predictions. As for Ap^WJL^ (see above), Lp^NC8^ growth probably does not require choline or myoinositol. A previous study quantified choline and inositol compounds in *L*. *plantarum* cell extracts and found them to be extremely low and therefore most likely due to contaminations from the medium rather than components of *L*. *plantarum* biomass \[[@pbio.3000681.ref076]\]. Pyridoxine is a precursor of pyridoxal-5-phosphate, a cofactor necessary for amino acid converting reactions. Teusink and colleagues \[[@pbio.3000681.ref062]\] showed that *L*. *plantarum*^WCSF1^ requires exogenous sources of pyridoxine only in a minimal medium lacking amino acids. Because HDΔPyridoxine contains all amino acids, it is likely that pyridoxine is not essential for Lp^NC8^ growth in these conditions. Finally, the capacity of Lp^NC8^ to grow in HDΔNicotinate could be related to the presence of alternative pathways to nicotinate intermediate biosynthesis ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). Indeed, this possibility has been previously reported in the genus *Lactobacillus* \[[@pbio.3000681.ref071]\], which would explain the capacity to grow in absence of exogenous nicotinate.

Altogether, the complete HD is a suitable nutritional environment that allows the 2 model *Drosophila*-associated bacteria, Ap^WJL^ and Lp^NC8^, to grow. Growth capacities in deficient media vary from one bacterium to another and are dictated by their individual genetic repertoires.

GF larvae exhibit 22 auxotrophies while developing on FLYAA HDs {#sec007}
---------------------------------------------------------------

We next sought to establish the nutritional requirements of GF larvae by assessing larval developmental timing (DT) in the complete HD and in each of the 39 deficient HDs (larvae were reared from eggs until pupae on the HDs; see [Materials and methods](#sec015){ref-type="sec"}). DT is expressed as D~50~, which represents the day when 50% of the larvae population has entered metamorphosis in a specific nutritional condition. In agreement with previous studies \[[@pbio.3000681.ref038],[@pbio.3000681.ref039]\], GF larvae fail to develop in all HDΔEAAs^Fly^, all HDΔVitamins, HDΔCholine, HDΔCholesterol, HDΔZn, and HDΔMg ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, first column). Over 60 years ago, Sang and colleagues reported that Zn was dispensable for GF larval development \[[@pbio.3000681.ref038]\]. We suspect that the casein in the medium used in Sang and colleagues inadvertently provided trace amount of Zn, which could account for the discrepancy between our observation and that of Sang and colleagues. Also in accordance with previous studies \[[@pbio.3000681.ref038],[@pbio.3000681.ref039],[@pbio.3000681.ref050]\], GF larvae were able to reach pupariation in HDΔNEAAs^Fly^ (ΔAla, ΔCys, ΔGln, ΔGlu, ΔGly, ΔPro), HDΔUridine, HDΔMyoinositol, and HDΔMn at the same rate as on a complete HD ([Fig 4A](#pbio.3000681.g004){ref-type="fig"} first column, [S4 Table](#pbio.3000681.s007){ref-type="supplementary-material"}). The absence of sucrose, Tyr, inosine, Ca, Cu, and Fe did not prevent pupae emergence but increased the duration of larval development very significantly ([Fig 4A](#pbio.3000681.g004){ref-type="fig"} first column, [S4 Table](#pbio.3000681.s007){ref-type="supplementary-material"}). Surprisingly, GF larvae were able to reach pupariation, albeit late, in HDΔSucrose. Indeed, all the HDs developed to date include carbohydrates (either sucrose or fructose) as a carbon source \[[@pbio.3000681.ref034]\]. Larval development in the absence of carbohydrates suggests that GF larvae may use other components of the HD such as amino acids as carbon source. In summary, GF *yellow-white* (*yw*) larvae show 22 auxotrophies while developing on sterile HDs.

![Ap^WJL^ and Lp^NC8^ can differentially fulfill their host's nutritional requirements in HDs.\
(A) Heat map representing the mean D~50~ of GF larvae (first column) and larvae associated with Ap^WJL^, Lp^NC8^, Ap^WJL^~HK~, and Lp^NC8^~HK~ (columns 2, 3, 4, 5 respectively). Each line shows D~50~ in a different version of HD: complete HD (first line) or HDs lacking nutrient X (ΔX, lines below). White means larvae did not reach pupariation in these conditions. Means, standard errors of the mean and statistical tests (Dunn test of multiple comparisons) are detailed in [S4 Table](#pbio.3000681.s007){ref-type="supplementary-material"}. (B--D) Absence of correlation between time of development and quantity of bacteria. *Y* axis shows D~50~, and *X* axis shows quantity of bacteria (Log~10~ CFUs) in the larval gut (B), in the diet in presence of larvae 3 days after inoculation (C), and in the diet in presence of larvae 6 days after inoculation (D). Each dot shows a different condition. Complete HD: on complete HD. ΔX: on HDs lacking nutrient X. Black dots: in monoassociation with Ap^WJL^, green dots: in monoassociation with Lp^NC8^. For each bacterium, we tested Pearson's product--moment correlation between D~50~ and quantity of bacteria. Ap^WJL^, *A*. *pomorum*^WJL^; CFU, colony-forming unit; cor, Pearson correlation coefficient for each bacterium; D~50~, day when 50% of larvae population has entered metamorphosis; EAA^Fly^, fly essential amino acid; GF, germ-free; HD, Holidic Diet; HK, heat-killed; Lp^NC8^, *L*. *plantarum*^NC8^; NALs, nucleic acids and lipids; NEAA^Fly^, fly nonessential amino acid.](pbio.3000681.g004){#pbio.3000681.g004}

Our observations correlate well with our genome-based predictions of the metabolic capabilities of the 3 partners ([Fig 1](#pbio.3000681.g001){ref-type="fig"}) with one exception: GF larvae did not reach pupariation in HDΔAsn. This result was surprising because Asn is described as an NEAA in *Drosophila* and other animals \[[@pbio.3000681.ref077]\]. To test whether Asn auxotrophy was specific to the *yw* fly line used in our lab, we assessed larval DT in 2 other *D*. *melanogaster* reference lines, the *Drosophila* Genetic Reference Panel (DGRP) line DGRP\_*25210* \[[@pbio.3000681.ref078]\] and *white*^*1118*^ (*w*^*1118*^). Unlike *yw*, both *w*^*1118*^ and DGRP\_*25210* larvae were able to develop in GF conditions in HDΔAsn, albeit with a severe developmental delay ([Fig 5A](#pbio.3000681.g005){ref-type="fig"}). Therefore, the complete Asn auxotrophy seen with our *yw* strain is an exception rather than a rule, an observation that correlates with our metabolic pathway reconstruction that was based on the genome sequence of the *D*. *melanogaster* reference genome strain (Bloomington stock \#2057). We next sequenced the coding region of the enzyme AsnS, which converts Asp to Asn in *yw* flies, and did not detect any nonsynonymous mutation ([S1 Fig](#pbio.3000681.s001){ref-type="supplementary-material"}). Further studies may thus be required to determine the origin of the Asn auxotrophy in our *yw* line on HD. However, these results indicate that Asn is not an EAA per se but remains a limiting NEAA, an observation that also applies to Tyr.

![Evaluation of HDΔAsn, HDΔPhe, and HDΔCys contexts.\
(A) D~50~ of *yw*, DGRP\_*25210*, and *w*^1118^ larvae on HDΔAsn. Boxplots show minimum, maximum, and median. Each dot shows an independent replicate. GF *yw* larvae did not reach pupariation. For the other 2 lines, we performed a Kruskal--Wallis test followed by post hoc Dunn tests to compare each gnotobiotic condition to GF. \*\**p*-value \< 0.005, \*\*\**p*-value \< 0.0005, \*\*\*\**p*-value \< 0.0001. (B) Growth of Lp^NC8^ in liquid HDΔPhe and liquid HDΔCys, in static conditions, 3 days after inoculation. Plot shows mean with standard error. Each dot shows an independent replicate. The dashed line represents the level of inoculation at *t* = 0 h (10^4^ CFUs per mL). (C) Growth of Lp^NC8^ on solid HDΔCys, in absence and in presence of larvae, 3 days and 6 days after inoculation. Plot shows mean with standard error. Each dot represents an independent replicate. The dashed line represents the level of inoculation at *t* = 0 h (10^4^ CFUs per tube). We performed two-way ANOVA followed by post hoc Sidak test. \*\**p*-value \< 0.005. Ap^WJL^, *A*. *pomorum*^WJL^; CFU, colony-forming unit; DGRP, XXX; D~50~, day when 50% of larvae population has entered metamorphosis; EAA^Fly^, fly essential amino acid; GF, germ-free; HD, Holidic Diet; HK, heat-killed; Lp^NC8^, *L*. *plantarum*^NC8^; NEAA^Fly^, fly nonessential amino acid; ns, nonsignificant; *yw*, XXX.](pbio.3000681.g005){#pbio.3000681.g005}

Bacterial cell wall sensing contributes to Lp^NC8^-mediated larval growth promotion in complete chemically defined diets {#sec008}
------------------------------------------------------------------------------------------------------------------------

We then investigated whether and how the association with bacteria affects the nutritional requirements of GF larvae during juvenile growth and maturation. To this end, we monoassociated GF embryos with Ap^WJL^ or Lp^NC8^ and measured D~50~ and egg-to-pupa survival in complete and deficient HDs ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, second and third columns, respectively, and [S4](#pbio.3000681.s007){ref-type="supplementary-material"} and [S5](#pbio.3000681.s008){ref-type="supplementary-material"} Tables). On a complete HD, monoassociation with either Ap^WJL^ or Lp^NC8^ accelerated larval DT with a mean D~50~ of 8.4 and 7.7 days, respectively, whereas GF mean D~50~ is 10.1 days ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, first line). These growth-promoting effects upon monoassociation with either Ap^WJL^ or Lp^NC8^ have been previously reported on complex diets, and insights on the underlying molecular mechanisms were provided \[[@pbio.3000681.ref020],[@pbio.3000681.ref025]\]. Shin and colleagues showed that when the associated larvae grow on a low-casamino--acid semioligidic diet, the pyrroloquinoline-quinone--dependent alcohol dehydrogenase (PQQ-ADH) activity of Ap^WJL^ modulates the developmental rate and body size through IIS. PQQ-ADH transposon (Tn) disruption in the Ap^WJL^::Tn*pqq* mutant severely reduces acetic acid production, which has been proposed to alter the regulation of developmental and metabolic homeostasis upon monoassociation \[[@pbio.3000681.ref025]\]. Lp^NC8^ promotes host juvenile growth and maturation on a low-yeast--based oligidic diet, partly through enhanced expression of intestinal peptidases upon sensing of bacterial cell walls components by *Drosophila* enterocytes \[[@pbio.3000681.ref020],[@pbio.3000681.ref023]\]. Deletion of the *dlt* operon, which encodes the molecular machinery involved in the D-alanylation of teichoic acids, leads to bacterial cell wall alteration with a complete loss of D-alanylation of teichoic acids, and consequently, cell walls purified from the Lp^NC8^Δ*dlt*~op~ mutant trigger a reduced expression of peptidases in enterocytes \[[@pbio.3000681.ref023]\]. Therefore, we first probed the importance of these molecular mechanisms on bacteria-mediated larval growth promotion on a complete HD. To this end, we tested in our HD setting the associations with the loss of function mutants Ap^WJL^::Tn*pqq* \[[@pbio.3000681.ref025]\] and Lp^NC8^Δ*dlt*~op~ \[[@pbio.3000681.ref023]\]. In a complete HD, only the Lp^NC8^Δ*dlt*~op~ mutant failed to support larval growth, reminiscent of the previous observation on the low-yeast oligidic diets ([S2 Fig](#pbio.3000681.s002){ref-type="supplementary-material"}). Surprisingly, in complete HD, the Ap^WJL^::Tn*pqq* mutant actually triggered an enhanced growth promotion as compared to its wild-type (WT) reference strain. Shin and colleagues reported that Ap^WJL^::Tn*pqq*-associated larvae experienced growth delay, which can be rescued by acetic acid provision \[[@pbio.3000681.ref025]\]. Therefore, the acetic-acid--based buffer in the HD may explain why Ap^WJL^::Tn*pqq* no longer behaves as a loss-of-function mutant in this setting; however, how it actually surpasses the WT strain on a complete HD remains elusive. Collectively, these results establish that sensing bacterial cell walls containing D-alanylated teichoic acids is also an important feature of the intrinsic growth-promoting ability of Lp^NC8^ in a complete chemically defined HD. Thus, the previously reported molecular sensing mechanism that mediates the growth-promoting effect of Lp^NC8^ during chronic undernutrition is also at play in synthetic diets.

Association with Ap^WJL^ fulfills 19 of the 22 nutrient requirements of GF larvae {#sec009}
---------------------------------------------------------------------------------

Association with Ap^WJL^ sustained larval development (albeit to different degrees) in the absence of 19 out of 22 GF larvae essential nutrients ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, second column). Ap^WJL^-associated larvae reached pupariation in the absence of each EAA^Fly^ (though their development was slower than on complete HD), Asn, vitamins, choline, and Zn. Association with Ap^WJL^ also rescued the developmental delay observed in GF larvae in HDΔTyr, HDΔinosine, HDΔCu, and HDΔFe. The only nutritional requirements of GF larvae that were not fulfilled by Ap^WJL^ were cholesterol, pantothenate, and Mg.

Association with Lp^NC8^ fulfills 12 of the 22 nutrient requirements of GF larvae {#sec010}
---------------------------------------------------------------------------------

Compared to Ap^WJL^, monoassociation with Lp^NC8^ compensated for a reduced number of the GF larvae nutritional deficiencies (12 out of 22; [Fig 4A](#pbio.3000681.g004){ref-type="fig"}, third column). Lp^NC8^-associated larvae reached pupariation in the absence of some EAAs^Fly^ (HDΔHis, HDΔLys, HDΔMet, HDΔPhe, HDΔThr), Asn, certain vitamins (HDΔBiotin, HDΔFolate, HDΔNicotinate, HDΔRiboflavin, HDΔThiamine), and Zn. Moreover, Lp^NC8^ rescued the developmental delay observed in GF larvae on HDΔTyr, HDΔinosine, HDΔCu, and HDΔFe.

Bacteria need to be metabolically active in order to fulfill larval nutritional requirements {#sec011}
--------------------------------------------------------------------------------------------

Bacteria were grown in rich medium before association with larvae (see [Materials and methods](#sec015){ref-type="sec"}). Therefore, they might have accumulated nutrients that could be used later by the larvae to fulfill their nutritional requirements. To test for the nutritional input brought by the initial bacterial inoculum, we associated GF larvae with 10× heat-killed (HK) bacteria (mimicking the maximal bacterial biomass found in the diet during the experiment, [S3B Fig](#pbio.3000681.s003){ref-type="supplementary-material"}) and measured D~50~ in complete and deficient HDs ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, fourth and fifth columns). In most cases, the D~50~ of larvae in HK and GF conditions was similar. Therefore, bacteria need to be metabolically active to fulfill the larval nutritional requirements on HDs. However, we found some exceptions. In HDΔAsn, HDΔBiotin, HDΔFolate, HDΔCu, and HDΔFe, the addition of HK bacteria allowed the larvae to develop, though not as fast as in association with living bacteria. These results suggest that larvae only require a very small amount of these nutrients, which can be sufficiently derived from the inert bacterial inoculum.

On a low-protein oligidic diet, larval growth promotion by bacteria correlates positively with the quantity of microbes \[[@pbio.3000681.ref079]\]. We wondered whether the differences that we observed in growth-promotion efficiency were due to differences in bacterial loads. Thus, we tested the correlation between bacterial loads and benefit to host growth in 3 contexts: (1) conditions in which both bacteria are beneficial to their host, complete HD; (2) conditions in which each bacterium differently impacts the host, HDΔMet, HDΔPhe, and HDΔNicotinate; and (3) conditions in which only one bacterium compensates for the lack of a nutrient, HDΔCys, HDΔPyr, and HDΔCholine. We found no correlation between bacterial load in the larval gut ([Fig 4B](#pbio.3000681.g004){ref-type="fig"} and [S3A Fig](#pbio.3000681.s003){ref-type="supplementary-material"}) or in the diet ([Fig 4B and 4C](#pbio.3000681.g004){ref-type="fig"} and [S3B Fig](#pbio.3000681.s003){ref-type="supplementary-material"}) and the ability of the bacteria to impact host DT on the tested diets. These results reinforce the notion that, in our experimental settings, *Drosophila*-associated bacteria are biologically active partners, and their load, either in the diet or in the gut, does not dictate their functional impact on their host's nutrition or development.

The ability of bacteria to compensate nutritional deficiencies does not always correlate with the ability of bacteria to synthesize the nutrient {#sec012}
------------------------------------------------------------------------------------------------------------------------------------------------

Next, based on the genome-based predictions and the experimentally revealed auxotrophies of GF larvae on FLYAA HD, we correlated the ability of each bacterium to synthesize a nutrient to its ability to fulfill the larval requirements in this nutrient. We identified 4 distinct situations related to the 19 compensations of the 22 auxotrophies shown by GF larvae.

[Situation 1: the bacteria synthesize the missing nutrient in the diet and compensate for the related larval auxotrophy (15/19 auxotrophy compensations)]{.ul}. In most of the tested conditions, when the bacteria can synthesize a nutrient, they can also fulfill the related nutritional requirements of the GF larvae. For Ap^WJL^, this includes all EAAs^Fly^, Asn, and most vitamins (except pantothenate). For Lp^NC8^, the correlation between the nutritional complementation of ex-GF larva and the ability of Lp^NC8^ to synthesize the missing nutrient is more limited and only applies to the requirements of His, Lys, Met, Thr, Asn, and most vitamins. Nonetheless, these results suggest that bacteria can actively supply the nutrients lacking in the HD to the larvae. This phenomenon is reminiscent of previous observations using conventional and gnotobiotic hosts, in which microbial provision of riboflavin or thiamine by host-associated bacteria have been proposed \[[@pbio.3000681.ref033],[@pbio.3000681.ref080]\]. Exceptions to this case seem to be Ap^WJL^ on HDΔPantothenate and Lp^NC8^ on HDΔTrp. Specifically, Ap^WJL^ can produce pantothenate and grows in HDΔPantothenate, and similarly, Lp^NC8^ can produce Trp and grows in HDΔTrp. However, neither supported larval development on the respective depleted HD. It is therefore probable that Ap^WJL^ and Lp^NC8^ produce enough pantothenate and Trp, respectively, to sustain their own growth in the depleted HD, but not sufficiently or in a manner inaccessible to the larvae, and thus fail to fulfill larval requirements for these nutrients.

[Situation 2: the bacteria do not synthesize a nutrient, and they cannot fulfill larval nutrient requirements]{.ul}. Expectedly, we observed that when bacteria do not synthesize a nutrient, they do not fulfill ex-GF larvae requirements for this nutrient. For instance, Lp^NC8^ cannot produce the BCAAs (Ile, Leu, and Val) nor grow in their absence, and thus, it cannot fulfill larval requirements for these amino acids. In some depleted diets, bacteria were able to grow ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}) even though they cannot synthesize the missing nutrient ([Fig 1](#pbio.3000681.g001){ref-type="fig"}, [S1](#pbio.3000681.s004){ref-type="supplementary-material"} and [S2](#pbio.3000681.s005){ref-type="supplementary-material"} Tables), and they failed to fulfill the larvae requirements of these specific nutrients. This is observed for Ap^WJL^ and Lp^NC8^ on HDΔCholesterol. The likely explanation is that cholesterol is an animal sterol but is dispensable for bacterial growth \[[@pbio.3000681.ref067],[@pbio.3000681.ref081]\]. Similarly, on HDΔCholine and HDΔPyridoxine, Lp^NC8^ grows ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}) but is unable to fulfill larval requirements ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}) because according to genome-based predictions, it cannot synthesize these compounds ([Fig 1](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}).

[Situation 3: the bacteria do not synthesize a nutrient, but they can fulfill larval nutrient requirements (3/19 auxotrophy compensations)]{.ul}. In most cases, we observe growth rescue by bacteria provision of the missing nutrients, but there are interesting exceptions. According to genome-based predictions, Ap^WJL^ is unable to synthesize de novo choline, pyridoxine, and nicotinate ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}). Surprisingly, it compensates larval auxotrophies on HDΔCholine, HDΔPyridoxine, and HDΔNicotinate. Similarly, genome analysis predict that Lp^NC8^ cannot synthesize nicotinate ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}), but it compensates larval auxotrophy on HDΔNicotinate.

To confirm that the bacteria are uncapable to synthesize these compounds, we assessed the presence of these compounds in bacterial supernatants using Nuclear Magnetic Resonance (NMR) spectroscopy and High-Performance Liquid Chromatography coupled with Mass Spectrometry (HPLC-MS). We were able to quantify choline in a complete HD using NMR spectroscopy (at 0.531 ± 0.003 mM for a theoretical concentration of 0.477 mM). However, we failed to detect it in the supernatant of Ap^WJL^ culture in HDΔCholine (see [Materials and methods](#sec015){ref-type="sec"} section). Similarly, we did not detect any production of nicotinate by either Ap^WJL^ and Lp^NC8^ or production of pyridoxine by Ap^WJL^ in HDΔNicotinate or HDΔPyridoxine, although the analytical method used (HPLC-MS; see [Materials and methods](#sec015){ref-type="sec"}) was very sensitive, with a limit of detection of 15.625 nM and 0.977 nM for nicotinate and pyridoxine, respectively.

In the case of choline, Ap^WJL^ may synthesize other compounds that *Drosophila* can use to functionally replace choline. As stated before, *Acetobacter* mutants precluding PC synthesis shift their membrane composition towards increased content of PE and PG \[[@pbio.3000681.ref066]\]. PE and PG have been reported to be part of the phospholipidic repertoire of *Drosophila* membranes \[[@pbio.3000681.ref082]\], in which PE represents approximately 50% of their lipid composition \[[@pbio.3000681.ref083]\]. We posit that ex-GF larvae growing on HDΔCholine capitalize on ethanolamine or glycerol phosphoderivatives produced by Ap^WJL^ to compensate for the lack of choline in their diet.

In the case of pyridoxine, despite its inability to synthesize pyridoxine, Ap^WJL^ may fulfill larval requirements through the production of intermediates such as pyridoxine phosphate, pyridoxal-5-phosphate, or pyridoxamine, which are predicted to be synthesized based on genome analysis ([Fig 1B](#pbio.3000681.g001){ref-type="fig"} and [S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}).

Regarding nicotinate, both Ap^WJL^ and Lp^NC8^ grow on HDΔNicotinate and can also fulfill the larval requirements in this vitamin, even though they cannot synthesize it. However, genome-based metabolic predictions suggest that Ap^WJL^ may compensate for the lack of nicotinate by producing intermediates such as nicotinate-D-ribonucleotide, NAD^+^, and NADP^+^. In the case of Lp^NC8^, we postulate the existence of alternative metabolic pathways leading to nicotinate intermediate biosynthesis.

Lp^NC8^ cannot grow in the absence of Phe ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}). The genomic analyses point to the possible loss of the gene coding for the enzyme prephenate dehydratase (4.2.1.51), the penultimate step on Phe biosynthesis, yet Lp^NC8^ can fulfill larval requirements for Phe ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}). We wondered whether the Phe auxotrophy we observed in 96-well plates ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}) was due to the oxygenation generated by the agitation through OD readings, as for Thr, Ala, and Asp ([Fig 3B](#pbio.3000681.g003){ref-type="fig"}). To test this, we set cultures of Lp^NC8^ in HDΔPhe in static 15-mL closed falcon tubes and assessed bacterial growth after 3 days of culture. In contrast to agitation, Lp^NC8^ grows in HDΔPhe up to 10^6^ CFUs in static conditions ([Fig 5B](#pbio.3000681.g005){ref-type="fig"}), whereas in the complete media ([Fig 3B](#pbio.3000681.g003){ref-type="fig"}), Lp^NC8^ grows up to 5 × 10^8^ CFUs. These results indicate that the rescue of larvae DT by Lp^NC8^ in HDΔPhe is still mediated by bacterial nutrient supply. However, the poor growth of Lp^NC8^ in HDΔPhe suggests the existence of an alternative pathway for Phe biosynthesis in absence of the prephenate dehydratase ([Fig 1A](#pbio.3000681.g001){ref-type="fig"}). As suggested by Hadadi and colleagues \[[@pbio.3000681.ref084]\], Phe might be produced from L-arogenate using a derivative catalysis through the 2.5.1.47 activity, which is encoded in Lp^NC8^ by the *cysD* gene (nc8_2167) ([S2 Table](#pbio.3000681.s005){ref-type="supplementary-material"}).

A second such interesting case is larval development rescue by Lp^NC8^ on HDΔCys. Lp^NC8^ is an auxotroph for Cys ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}), even in static conditions ([Fig 5B](#pbio.3000681.g005){ref-type="fig"}). Lp^NC8^-associated larvae develop faster than GF larvae in HDΔCys, though GF larvae are not auxotrophic for Cys ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}). This beneficial effect of Lp^NC8^ on ex-GF larvae development on HDΔCys is similar to what is observed on a complete HD ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, first row). Therefore, this result probably reflects the basal nutrient-independent growth-promoting effect of Lp^NC8^, which relies on the sensing and signaling of the Lp^NC8^ cell wall by its host ([S2 Fig](#pbio.3000681.s002){ref-type="supplementary-material"}) \[[@pbio.3000681.ref023]\] and requires Lp^NC8^ to be metabolically active ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, fifth column). Taken together, our results suggest that Lp^NC8^ is able to grow in HDΔCys only in the presence of *Drosophila* larvae. To test this hypothesis, we assessed Lp^NC8^ growth in solid HDΔCys in the absence and the presence of larvae ([Fig 5C](#pbio.3000681.g005){ref-type="fig"}). Without larvae, Lp^NC8^ grew one log above the inoculum level (approximately 5 × 10^5^ CFUs/tube) on solid HDΔCys ([Fig 5C](#pbio.3000681.g005){ref-type="fig"}, "on diet only"). This minimal growth on solid HDΔCys could be due to the Cys reserves from Lp^NC8^ growth in rich media (De Man, Rogosa, and Sharpe \[MRS\] medium) prior to inoculation or from contaminants in the agar and cholesterol added to prepare the solid HD. Interestingly, in the presence of larvae in the HDΔCys, Lp^NC8^ CFU counts increased over time, reaching approximately 10^8^ CFUs/tube at day 6 ([Fig 5C](#pbio.3000681.g005){ref-type="fig"}, "on diet with larvae"). These results indicate that in HDΔCys, larvae support Lp^NC8^ growth, probably by supplying Cys or a precursor/derivative. In turn, Lp^NC8^ sensing and signaling in the host promote larval development and maturation. This observation extends the recent demonstration that *Drosophila* and *L*. *plantarum* engage in a mutualistic symbiosis, whereby the insect benefits the growth of the bacterium in their shared nutritional environment \[[@pbio.3000681.ref030]\]. Here, we discover that Cys is an additional *Drosophila* symbiotic factor also previously referred to as "bacteria maintenance factor" \[[@pbio.3000681.ref030]\].

[Situation 4: Bacterial compensation of minerals and metal deficiencies by concentrating traces or by functional compensation (1/19 auxotrophy compensation)]{.ul}. We observed that both Ap^WJL^ and Lp^NC8^ would compensate for Cu, Fe, and Zn deficiencies, but not Mg ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, second and third columns). Requirements in Cu and Fe were also fulfilled by HK bacteria ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}, fourth and fifth columns), although larvae associated with HK bacteria in these conditions developed much slower than larvae associated with living bacteria. This suggests that the inert bacterial inoculum contains traces of Cu and Fe accumulated during the overnight growth in rich medium prior to inactivation and inoculation. These accumulated quantities allowed the larvae to develop when Cu and Fe were not supplied in the HD. Surprisingly, Zn requirements were fulfilled by living bacteria only ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}). We hypothesize that bacteria may concentrate contaminating traces of these elements in the HD and make them more available to larvae. Alternatively, this could be an interesting case of functional complementation that requires further investigation. Indeed, Zn is an important enzymatic cofactor in the biosynthesis of several metabolites by the larva \[[@pbio.3000681.ref085]\]. In the absence of Zn, GF larvae would not produce these compounds; instead, they could be produced by the bacteria and supplied to the ex-GF larvae similarly to the nutritional complementation we observed above for choline (situation 3). Interestingly, a link between Zn response and the microbiota of *Drosophila* has been described in previous studies. Expression of the Zn transporter *zip-3* is higher in GF *Drosophila* adults midguts than in their conventionally reared (CR) counterparts \[[@pbio.3000681.ref027]\]. Moreover, the genes encoding metallothioneins B and C (*MtnB* and *MtnC*) are more expressed in flies harboring a microbiota than in GF flies \[[@pbio.3000681.ref086]\]. Metallothioneins are intracellular proteins that can store Zn. Their expression, as well as expression of Zn transporters such as *zip-3*, is regulated by intracellular levels of Zn \[[@pbio.3000681.ref087]\]. Altogether, these results suggest that host-associated bacteria may play an important role in the uptake of metals (especially Zn) by *Drosophila* larvae. This idea is reminiscent of recent reports in *Caenorhabditis elegans*, whereby a bacterium promotes worm development upon Fe scarcity by secreting a scavenging siderophore \[[@pbio.3000681.ref088]\].

*Drosophila*-associated bacteria provide amino acids essential to larval development {#sec013}
------------------------------------------------------------------------------------

Despite the interesting exceptions detailed above, our data establish that in many cases, *Drosophila*-associated bacteria complement the nutritional requirements of their host by synthesizing and supplying essential nutrients. Bacteria can actively excrete amino acids in their environment when they are produced in excess as intracellular byproducts of metabolic reactions \[[@pbio.3000681.ref089]\]. Moreover, the bacterial cell wall is rich in D-amino acids, and it undergoes an important turnover \[[@pbio.3000681.ref090],[@pbio.3000681.ref091]\]. In certain bacterial species, D-amino acids accumulate in the supernatant during growth and act as a signal to undergo stationary phase \[[@pbio.3000681.ref092]\]. Thus, D-amino acids may also contribute to larval nutrition. Indeed, it has been previously shown that D-amino acids (D-Arg, D-His, D-Lys, D-Met, D-Phe, and D-Val) can support growth of GF larvae probably through the action of amino acid racemases \[[@pbio.3000681.ref048]\]. We thus hypothesized that Ap^WJL^ and Lp^NC8^ could provide amino acids to their host by releasing them in the HD. To directly test this hypothesis, we cultured Ap^WJL^ and Lp^NC8^ in liquid HDs lacking each EAA^Fly^ and quantified the production of the corresponding missing EAA^Fly^. We focused on EAAs^Fly^, whose deficiency could be compensated by bacteria in our DT experiments ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}). In these assays, Ap^WJL^ was cultured under agitation and Lp^NC8^ cultures were grown in both agitated and static conditions (see [Materials and methods](#sec015){ref-type="sec"}). After 3 days, we quantified the amino acid concentration from bacterial supernatants using HPLC. We quantified amino acid production by Ap^WJL^ under agitation while growing in HDΔArg, HDΔHis, HDΔIle, HDΔLeu, HDΔLys, HDΔMet, HDΔPhe, HDΔThr, and HDΔVal and observed accumulation of all missing amino acids except for Lys and Met ([Fig 6A](#pbio.3000681.g006){ref-type="fig"}). For Lp^NC8^, we analyzed the supernatants of HDs that support Lp^NC8^ growth under agitation ([Fig 3A](#pbio.3000681.g003){ref-type="fig"}): HDΔHis, HDΔLys, and HDΔMet. We also analyzed supernatants from static conditions, HDΔHis, HDΔLys, HDΔMet, HDΔPhe, and HDΔThr. Surprisingly, from all tested conditions, we only detected His accumulation in the supernatant of Lp^NC8^ grown on HDΔHis under agitation ([Fig 6B](#pbio.3000681.g006){ref-type="fig"}). We did not detect Lys and Met in Ap^WJL^ culture supernatant or Lp^NC8^ culture under agitation supernatant nor His, Lys, Met, Phe, or Thr in Lp^NC8^ static culture supernatants. However, Ap^WJL^ or Lp^NC8^ can both fulfill larval requirements in an HD lacking these amino acids ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}). We only analyzed supernatants after 72 h of growth, it is therefore possible that we missed the peak of accumulation of the targeted amino acid, which may have taken place at another time point during the growth phase. Also, Ap^WJL^ and Lp^NC8^ may only secrete precursors or catabolites of those amino acids that we did not target in our analysis. Such amino acid derivatives may also be used by the larvae to compensate for the lack of the cognate amino acids in the diets (such as nicotinate or pyridoxine intermediates; see above). Alternatively, the culture conditions of bacteria on a liquid HD are likely to differ from the conditions encountered in the larval guts, and both Ap^WJL^ and Lp^NC8^ could be receiving cues from the larva itself to produce and/or secrete these nutrients. However, we detected Arg, His, Ile, Leu, Phe, Thr, and Val production by Ap^WJL^ and His by Lp^NC8^, a production that correlates with the respective abilities of Ap^WJL^ and Lp^NC8^ to compensate for the lack of these amino acids in the respective depleted HD. Of note, the concentration of newly synthesized amino acids accumulating in the supernatant is low compared to their concentration in a complete HD (20--150 μM in the former versus 1--5 mM in the latter). However, the bacterial supply of amino acids to the larvae is probably a continuous process, which may also be stimulated upon uptake and transit through the larval intestine. Thus, amino acids would directly be supplied to the larvae and will fulfill its nutritional requirements without the need to accumulate in the surrounding media.

![Ap^WJL^ and Lp^NC8^ can produce and release EAAs^Fly^ during growth.\
(A) HPLC measured concentration of Arg, His, Ile, Leu, Phe, Thr, and Val in the supernatant of an Ap^WJL^ culture in HDΔArg, HDΔHis, HDΔIle, HDΔLeu, HDΔPhe, HDΔThr, and HDΔVal, respectively, 72 h after inoculation. Plot shows mean with standard error. Each dot shows an independent replicate. Each amino acid was not detected prior to microbial growth ([S1 Data](#pbio.3000681.s010){ref-type="supplementary-material"}). (B) HPLC measured concentration of His in the supernatant of a Lp^NC8^ culture in HDΔHis, 72 h after inoculation. Plot shows mean with standard error. Each dot shows an independent replicate (53.08 μM, 52.82 μM, and 52.99 μM). Ap^WJL^, *A*. *pomorum*^WJL^; EAA^Fly^, fly essential amino acid; HD, Holidic Diet; HPLC, High-Performance Liquid Chromatography; Lp^NC8^, *L*. *plantarum*^NC8^.](pbio.3000681.g006){#pbio.3000681.g006}

Altogether, our results show that Ap^WJL^ and Lp^NC8^ are able to synthesize and excrete some EAA^Fly^ in their supernatants. These results confirm our hypothesis that *Drosophila*-associated bacteria Ap^WJL^ and Lp^NC8^ produce these EAAs^Fly^ while growing on HDΔEAA^Fly^. When associated with *Drosophila* larvae, Ap^WJL^ and Lp^NC8^ will therefore supply these amino acids to the larvae, allowing larval development on these deficient media as observed upon monoassociations ([Fig 4A](#pbio.3000681.g004){ref-type="fig"}).

Conclusion {#sec014}
----------

In this study, we have unraveled the interactions between the nutritional environment of *D*. *melanogaster* and 2 of its associated bacteria, as well as the functional importance of these interactions for *Drosophila* juvenile growth. We systematically characterized, both in genomes and in vivo, the biosynthetic capacities of growing GF larvae and 2 model bacterial strains behaving as natural partners of *Drosophila* (Ap^WJL^ and Lp^NC8^). We show that both bacteria, each in its unique manner, alleviate the nutritional constraints in the environment to accelerate host growth and maturation in diets depleted in essential nutrients ([Fig 7](#pbio.3000681.g007){ref-type="fig"}). The capacity of the bacteria to fulfill 19 of the requirements in 22 essential nutrients for larvae correlated with their metabolic activity and, in most cases (15 out of 19), their ability to produce the missing nutrient. In contrast to obligate symbioses, our results highlight the clear separation between the metabolic pathways of the host and its associated bacteria and reveal a particularly integrated nutritional network between the insect and its facultative bacterial partners around the provision and utilization of nutrients.

![Ap^WJL^ and Lp^NC8^ differentially shape the nutritional requirements of their juvenile host.\
For each gnotobiotic condition, essential nutrients are represented in black and nonessential nutrients in color. Color code: blue, this nutrient can be synthesized by the bacteria; red, this nutrient cannot be synthesized by the bacteria, suggesting a mechanism of functional compensation. In purple: lack of this nutrient may be compensated by an intermediate metabolite or a derivative produced by the bacteria. AA, amino acid; Ap^WJL^, *A*. *pomorum*^WJL^; GF, germ-free; Lp^NC8^, *L*. *plantarum*^NC8^; NAL, nucleic acid and lipid.](pbio.3000681.g007){#pbio.3000681.g007}

Importantly, we further substantiate that the host requirement for essential nutrients can be fulfilled by bacterial provision of a metabolic intermediate of such nutrients (2 out of 19); for example, nicotinate intermediates by both Ap^WJL^ and Lp^NC8^ or pyridoxine intermediates by Ap^WJL^. Interestingly, we also detected 2 situations in which nutrient compensation is not explained by a direct supply of the given nutrient or a metabolic intermediate: (i) the compensation of choline deficiency by Ap^WJL^ and (ii) the compensation of Zn deficiency by both Ap^WJL^ and Lp^NC8^. We propose the existence of functional compensation mechanisms whereby Ap^WJL^ would complement choline deficiency by synthesizing and providing functional analogues of choline derivatives such as ethanolamine or glycerol derivatives. In addition, both *Drosophila*-associated bacteria would compensate Zn deficiency by uptaking, concentrating, and delivering contaminant traces of Zn to the host.

Previous works have shown different mechanisms of growth promotion by microbes in a global low-nutrient context: *Drosophila* larvae can feed on inert microbes to extract nutrients \[[@pbio.3000681.ref030],[@pbio.3000681.ref079],[@pbio.3000681.ref093]\], and living microbes can improve amino acid absorption by increasing the host's intestinal peptidase activity \[[@pbio.3000681.ref023],[@pbio.3000681.ref032]\] and increasing nutrient-sensing--related hormonal signals \[[@pbio.3000681.ref020],[@pbio.3000681.ref025]\]. Here, we show that in addition, the metabolic activities of live *Drosophila*-associated bacteria correct host auxotrophies. These results reveal a novel, to our knowledge, facet of the facultative nutritional mutualism engaged between *Drosophila* and its associated bacteria, which supports the host's nutritional versatility and may allow its juvenile forms to better cope with changes in nutrient availability during the critical phase of postnatal growth, hence ensuring optimal host fitness. Our work lays the basis for further mechanistic studies to investigate whether and how host-associated bacteria regulate the synthesis and release of essential nutrients for the host and whether the host influences this process. Dissecting how bacteria functionally compensate for nutrients that they cannot produce, catabolize excess nutrients, or detoxify toxic molecules also constitutes attractive perspectives for future investigations.

In some cases, the genome-based predictions of bacterial biosynthetic capabilities were incongruent with our in vivo assessment of bacterial auxotrophies ([S6 Table](#pbio.3000681.s009){ref-type="supplementary-material"}). Such seeming discrepancies served as an entry point for us to discover novel, to our knowledge, phenomena and interactions that would have been missed had we only adopted a single approach. One such interesting example is the Asn auxotrophy unique to the *Drosophila yw* line in GF conditions. Another one is the larval provision of Cys (or its derivatives) to Lp^NC8^ to maintain a mutualistic nutritional exchange between host and associated bacteria. Previously, a combination of genomic and in vivo approaches has been successfully used for bacteria \[[@pbio.3000681.ref062]\] but not applied to complex symbiotic systems such as facultative host--bacteria nutritional interactions. Indeed, reports characterized these interactions at the genome level \[[@pbio.3000681.ref094]\], but they were not confirmed in vivo. Our work fills this gap and emphasizes the importance of using parallel systematic genome-based annotation, pathway reconstruction, and in vivo approaches for understanding the intricate relationships between the microbial and the nutritional environments and their impact on animal juvenile growth.

Materials and methods {#sec015}
=====================

Expert automated genome annotation and reconstruction of the biosynthetic potential of *D*. *melanogaster*, Ap^WJL^, and Lp^NC8^ {#sec016}
--------------------------------------------------------------------------------------------------------------------------------

We used the CycADS \[[@pbio.3000681.ref059]\], an automated annotation management system, to integrate protein annotations from the complete genomes of *D*. *melanogaster* (RefSeq GCF_000001215.4 release 6), *A*. *pomorum* strain DM001 (accession: NCBI Bioproject PRJNA60787), and *L*. *plantarum* subsp. *plantarum* NC8 (NCBI Bioproject PRJNA67175). CycADS collects protein annotation results from different annotation methods, including KAAS \[[@pbio.3000681.ref095]\], PRIAM \[[@pbio.3000681.ref096]\], Blast2GO \[[@pbio.3000681.ref097],[@pbio.3000681.ref098]\], and InterProScan \[[@pbio.3000681.ref099]\], in order to obtain Enzyme Commission numbers and Gene Ontology annotations. All annotation information was then processed in the CycADS SQL database and automatically extracted to generate appropriate input files to build the 3 BioCyc databases using the Pathway Tools software v22.5 \[[@pbio.3000681.ref100]\]. The BioCyc databases and their associated metabolic networks are available in the EcoCyc database \[[@pbio.3000681.ref101]\]. From the genomic analyses, we inferred the biosynthetic capabilities of the 3 organisms and manually inspected all pathways allowing production of the organic compounds that are present in the exome-based FLYAA HD \[[@pbio.3000681.ref040]\]. For each gap found in biosynthetic pathways or nonconventional enzymatic catalysis, TBLASTN \[[@pbio.3000681.ref102]\] searches were performed in the 3 genomes to look for unpredicted protein activities. Alternative pathways were searched in the literature or using the BioCyc "Metabolic Route Search" tool \[[@pbio.3000681.ref103]\].

*Drosophila* diets, stocks, and breeding {#sec017}
----------------------------------------

*D*. *melanogaster* stocks were reared as described previously \[[@pbio.3000681.ref032]\]. Briefly, flies were kept at 25 °C with 12:12-h dark/light cycles on a yeast/cornmeal medium containing 50 g/L of inactivated yeast, 80 g/L of cornmeal, 7.4 g/L of agar, 4 mL/L of propionic acid, and 5.2 g/L of nipagin. GF stocks were established as described previously \[[@pbio.3000681.ref086]\] and maintained in yeast/cornmeal medium supplemented with an antibiotic cocktail composed of kanamycin (50 μg/mL), ampicillin (50 μg/mL), tetracycline (10 μg/mL), and erythromycin (5 μg/mL). Axenicity was tested by plating fly media on nutrient agar plates. *D*. *melanogaster yw* flies were used as the reference strain in this work. Other *D*. *melanogaster* lines used include a WT strain from the DGRP collection, DGRP\_*25210* \[[@pbio.3000681.ref078]\], and the *w*^1118^ line \[[@pbio.3000681.ref104]\].

Experiments were performed on HD without preservatives. Complete HD, with a total of 8 g/L of amino acids, was prepared as described by Piper and colleagues using the FLYAAs \[[@pbio.3000681.ref040]\]. Briefly, sucrose, agar, and amino acids with low solubility (Ile, Leu, and Tyr), as well as stock solutions of metal ions and cholesterol, were combined in an autoclavable bottle with milli-Q water up to the desired volume, minus the volume of solutions to be added after autoclaving. After autoclaving at 120 °C for 15 min, the solution was allowed to cool down at room temperature to approximately 60 °C. Acetic acid buffer and stock solutions for the essential and nonessential amino acids, vitamins, nucleic acids, and lipids were added. Single-nutrient--deficient HD was prepared following the same recipe, excluding the nutrient of interest (named HDΔX, X being the nutrient omitted). Tubes used to pour the HD were sterilized under UV for 20 min. HD was stored at 4 °C until use for no longer than 1 week.

Bacterial strains and growth conditions {#sec018}
---------------------------------------

Ap^WJL^ \[[@pbio.3000681.ref025]\], Lp^NC8^ \[[@pbio.3000681.ref105]\], Ap^WJL^::Tn*pqq* \[[@pbio.3000681.ref025]\], and Lp^NC8^Δ*dlt*~op~ \[[@pbio.3000681.ref023]\] were used in this study. Ap^WJL^ has been isolated from the midgut of a laboratory-raised adult *Drosophila* \[[@pbio.3000681.ref019]\]. Lp^NC8^ has been isolated from grass silage \[[@pbio.3000681.ref105]\], but we previously showed that it associates effectively with *Drosophila* and benefit its juvenile growth \[[@pbio.3000681.ref023]\]. We use this strain as a model *Drosophila*-associated bacteria thanks to its genetic tractability (no plasmid and high transformation efficiency). *A*. *pomorum* strains were cultured in 10 mL of Mannitol Broth (Bacto peptone 3 g/L \[Becton Dickinson, Sparks, MD USA\], yeast extract 5 g/L \[Becton Dickinson\], D-mannitol 25 g/L \[Carl Roth, Karlsruhe, Germany\]) in a 50-mL flask at 30 °C under 180 rpm during 24 h. *L*. *plantarum* strains were cultured in 10 mL of MRS broth (Carl Roth) in 15-mL culture tubes at 37 °C, without agitation, overnight. Liquid or solid cultures of Ap^WJL^::Tn*pqq* were supplemented with kanamycin (Sigma-Aldrich, Darmstadt, Germany) at a final concentration of 50 μg/mL. CFU counts were performed for all strains on MRS agar (Carl Roth) plated using the Easyspiral automatic plater (Interscience, Saint-Nom-la-Bretèche, France). The MRS agar plates were then incubated for 24--48 h at 30 °C for Ap^WJL^ or 37 °C for Lp^NC8^. CFU counts were done using the automatic colony counter Scan1200 (Interscience) and its counting software.

Bacterial growth in liquid HD {#sec019}
-----------------------------

To assess bacterial growth in the fly nutritional environment, we developed a liquid HD comprising all HD components except agar and cholesterol. Liquid HD was prepared as described for HD. Single-nutrient--deficient liquid HD was prepared following the same recipe, excluding the nutrient of interest. After growth in culture media, PBS-washed Ap^WJL^ or Lp^NC8^ was inoculated at a final concentration of approximately 10^6^ CFU/mL in 200 μL of either complete liquid HD or nutrient-deficient liquid HD. Cultures were incubated in 96-well microtiter plates (Nunc Edge 2.0; Thermo Fisher Scientific, Waltham, MA, USA) at 30 °C for 72 h. Growth was monitored using an SPECTROstar^Nano^ (BMG Labtech GmbH, Ortenberg, Germany) by measuring the optical density at 600 nm (OD~600~) every 30 min. Heatmap in [Fig 3A](#pbio.3000681.g003){ref-type="fig"} represents the maximal OD detected during the 72 h of growth (average of 3 replicates). The whole experiment was repeated at least twice. [Fig 3A](#pbio.3000681.g003){ref-type="fig"} was created using the imagesc function in MATLAB (version 2016b; The MathWorks, Natick, MA, USA). Lp^NC8^ growth in static conditions was performed in 10 mL of liquid HD in 15-mL falcon tubes inoculated at a final concentration of approximately 10^4^ CFU/mL. Cultures were incubated at 30 °C for 72 h. After incubation, cultures were diluted in PBS and plated on MRS agar as described above.

Bacterial growth in solid HD {#sec020}
----------------------------

Bacterial CFUs in HDΔCys were assessed in presence or absence of *Drosophila* larvae. Microtubes containing 400 μL of HD and 0.75- to 1-mm glass microbeads were inoculated with approximately 10^4^ CFUs of Lp^NC8^. Five first-instar larvae, collected from eggs laid on HDΔCys, were added. The tubes were incubated at 30 °C for 0, 3, or 6 days. After incubation, 600 μL of PBS was added directly into the microtubes. Samples were homogenized with the Precellys 24 tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). Lysate dilutions (in PBS) were plated on MRS, and CFU counts were assessed as described above.

DT determination {#sec021}
----------------

Axenic adults were placed in sterile breeding cages overnight to lay eggs on sterile HD. The HD used to collect embryos always matched the experimental condition. Fresh axenic embryos were collected the next morning and seeded by pools of 40 in tubes containing the HD to test. For the monoassociated conditions, a total of approximately 10^7^ CFUs of Ap^WJL^ or approximately 10^8^ CFUs of Lp^NC8^, washed in PBS, were inoculated on the substrate and the eggs. Inoculation of Ap^WJL^ was limited to approximately 10^7^ CFUs because higher inoculums decreased egg-to-pupa survival. For HK conditions, washed cells of Ap^WJL^ or Lp^NC8^ were incubated for 3 h at 65 °C. Once at room temperature, embryos were inoculated with approximately 10^8^ HK CFUs and approximately 10^9^ HK CFUs, respectively. In the GF conditions, bacterial suspensions were replaced with sterile PBS. Tubes were incubated at 25 °C with 12:12-h dark/light cycles. The emergence of pupae was scored every day until all pupae had emerged. The experiment was stopped when no pupae emerged after 30 days. Each gnotobiotic or nutritional condition was inoculated in 5 replicates. Means, standard error of the mean, and statistical tests (Dunn test of multiple comparisons) are detailed in [S4 Table](#pbio.3000681.s007){ref-type="supplementary-material"}. Because larvae are cannibalistic and can find missing nutrients by eating their siblings \[[@pbio.3000681.ref106],[@pbio.3000681.ref107]\], we therefore excluded replicates with low egg-to-pupa survival (\<25%, i.e., *n* \< 10). Moreover, we considered that larvae failed to develop in one condition if the mean egg-to-pupa survival of the 5 replicates was inferior to 25% (for details on egg-to-pupae survival, see [S5 Table](#pbio.3000681.s008){ref-type="supplementary-material"}). D~50~ was determined using D50App (<http://paulinejoncour.shinyapps.io/D50App>) as described previously \[[@pbio.3000681.ref023]\]. The whole experiment was repeated at least twice. D~50~ heatmap represents the average of the 5 replicates of each gnotobiotic and nutritional condition. [Fig 4A](#pbio.3000681.g004){ref-type="fig"} was done using the imagesc function on MATLAB (version 2016b; The MathWorks).

Nicotinate and pyridoxine quantification by HPLC/MS {#sec022}
---------------------------------------------------

After growth in culture media, PBS-washed Ap^WJL^ or Lp^NC8^ was inoculated in triplicates at a final concentration of approximately 10^6^ CFU/mL into 10 mL of liquid HDΔNicotinateΔPyridoxineΔCholine and HDΔNicotinate, respectively. Ap^WJL^ was grown under agitated conditions (50-mL flasks incubated at 30 °C under 180 rpm). Lp^NC8^ was grown under static conditions (15-mL falcon tubes at 30 °C). Samples were taken at times 0 h and 72 h. Samples were centrifuged (5,000 rpm, 5 min). Supernatants were collected and stored at −20 °C until use. Supernatants were separated on a PFP column (150 × 2.1 mm i.d., particle size 5 μm; Supelco, Bellefonte PA, USA). Solvent A was 0.1% formic acid in H20, and solvent B was 0.1% formic acid in acetonitrile at a flow rate of 250 μL/min. Solvent B was varied as follows: 0 min, 2%; 2 min, 2%; 10 min, 5%; 16 min, 35%; 20 min, 100%; and 24 min, 100%. The column was then equilibrated for 6 min at the initial conditions before the next sample was analyzed. The volume of injection was 5 μL. High-resolution experiments were performed with a Vanquish HPLC system coupled to an Orbitrap Qexactive+ mass spectrometer (Thermo Fisher Scientific) equipped with a heated electrospray ionization probe. MS analyses were performed in positive FTMS mode at a resolution of 70,000 (at 400 m/z) in full-scan mode, with the following source parameters: the capillary temperature was 320 °C, the source heater temperature 300 °C, the sheath gas flow rate 40 a.u. (arbitrary unit), the auxiliary gas flow rate 10 a.u., the S-Lens RF level 40%, and the source voltage 5 kV. Metabolites were determined by extracting the exact mass with a tolerance of 5 ppm. The limit of detection was determined following the ERACHEM guideline \[[@pbio.3000681.ref108]\]. Nicotinate and pyridoxine standards were mixed at 5 μM and diluted 13 times up to 0.48 × 10^−3^ μM. Each solution was injected 3 times. The limit of detection was determined as LOD = 3 × s′0, where s′0 is the standard deviation of the intercept.

Choline quantification by RMN {#sec023}
-----------------------------

After growth in culture media, PBS-washed Ap^WJL^ was inoculated in triplicates at a final concentration of approximately 10^6^ CFU/mL into 10 mL of liquid HDΔNicotinateΔPyridoxineΔCholine. Ap^WJL^ was then grown under agitated conditions (50-mL flasks incubated at 30 °C under 180 rpm). Samples were taken at times 0 h and 72 h. Samples were centrifuged (5,000 rpm, 5 min). Supernatants were collected and stored at −20 °C until use. Supernatants were analyzed by 1H 1D NMR on a Bruker Ascend 800 MHz spectrometer (Bruker, Billerica, MA, USA) equipped with a CPCI 5-mm cryoprobe. A volume of 540 μL of supernatant was mixed to 60 μL of Trimethylsillyl Propionic Acid (TSP) 10 mM solution in D2O for spectra calibration. A 1D 1H NMR sequence with water presaturation and a pulse angle of 30° and a complete relaxation delay of 7 s was used. An acquisition of 64,000 points was acquired (2 s acquisition time) and processed with 256,000 points.

DNA extraction and AsnS locus analyses {#sec024}
--------------------------------------

Genomic DNA from 2 adult *yw* flies was extracted as previously described \[[@pbio.3000681.ref109]\]. Briefly, flies were ground in microtubes containing 0.75- to 1-mm glass microbeads and 500 μL of lysis buffer (Tris-HCl 10 mM, EDTA 1 mM, NaCl 1 mM \[pH 8.2\]) using the Precellys 24 tissue homogenizer (Bertin Technologies). Then, we added Proteinase K (PureLink Genomic DNA extraction kit; Invitrogen, Carlsbad, CA, USA) at a final concentration of 200 μg/mL and incubated the samples at 56 °C under 700 rpm agitation for 1 h. Samples were centrifuged at 10,000 × *g* for 2 min, and we collected the supernatant. *AsnS* coding sequence was amplified by PCR (Q5 Pol High Fidelity M0491S; New England BioLabs, Ipswich, MA, USA) using the primers AsnS_F (CGGGCCGCTTCGTTAAAAA) and AsnS_R (TGGAATTCCTCAGACTTGCCA) with a Veriti Thermal Cycler (Applied BioSystems, Foster City, CA, USA). PCR products were purified using the NucleoSpin Gel and PCR Cleanup kit (Macherey-Nagel, Düren, Germany) following manufacturer's instructions. Sequencing was done by Sanger sequencing (Genewiz, Leipzig, Germany) using the following primers: AsnS_F, AsnS_R, AsnS1 (AGGATTATGGAAAGGATCTTCTGCA), AsnS2 (CTCCGGTCGGATTTGCATCA), AsnS3 (TAATGCCAAAGGGGTCTCGG), and AsnS4 (GTGCGCCAGCTGCATTTATC). The whole coding sequence was then assembled and analyzed using Geneious (version 10.1.3; Biomatters Ltd., Auckland, New Zealand) by mapping on the reference *D*. *melanogaster* genome (RefSeq GCF_000001215.4 release 6).

Amino acid quantification by HPLC {#sec025}
---------------------------------

After growth in culture media, PBS-washed Ap^WJL^ or Lp^NC8^ was inoculated in triplicates at a final concentration of approximately 10^6^ CFU/mL into 10 mL of each liquid HDΔEAA^Fly^ shown to support their growth and in which they fulfill larval requirements (Figs [3A](#pbio.3000681.g003){ref-type="fig"} and [4A](#pbio.3000681.g004){ref-type="fig"}). For Ap^WJL^, this includes liquid HDΔArg, HDΔHis, HDΔIle, HDΔLeu, HDΔLys, HDΔMet, HDΔPhe, HDΔThr, and HDΔVal in agitated conditions. For Lp^NC8^, this includes liquid HDΔHis, HDΔLys, and HDΔMet in agitated conditions and liquid HDΔHis, HDΔLys, HDΔMet, HDΔPhe, and HDΔThr in static conditions. For agitated conditions, cultures were done in 50-mL flasks and incubated at 30 °C under 180 rpm. Static conditions were performed in 15-mL falcon tubes at 30 °C. Samples were taken at times 0 h and 72 h. Samples were centrifuged (5,000 rpm, 5 min). Supernatants were collected and stored at −20 °C until use.

Amino acid quantification was performed by HPLC from the supernatants obtained at 0 h and 72 h. Samples were crushed in 320 μl of ultrapure water with a known quantity of norvaline used as the internal standard. Each sample was submitted to a classical protein hydrolysis in sealed glass tubes with Teflon-lined screw caps (6N HCl, 115 °C, for 22 h). After air vacuum removal, tubes were purged with nitrogen. All samples were stored at −20 °C and then mixed with 50 μL of ultrapure water for amino acid analyses. Amino acid analysis was performed by HPLC (Agilent 1100; Agilent Technologies, Massy, France) with a guard cartridge and a reverse phase C18 column (Zorbax Eclipse-AAA 3.5 μm, 150 × 4.6 mm; Agilent Technologies). Prior to injection, samples were buffered with borate at pH 10.2, and primary or secondary amino acids were derivatized with ortho-phthalaldehyde (OPA) or 9-fluorenylmethyl chloroformate (FMOC), respectively. The derivatization process, at room temperature, was automated using the Agilent 1313A autosampler. Separation was carried out at 40 °C, with a flow rate of 2 mL/min, using 40 mM NaH~2~PO~4~ (eluent A \[pH 7.8\], adjusted with NaOH) as the polar phase and an acetonitrile/methanol/water mixture (45:45:10, v/v/v) as the nonpolar phase (eluent B). A gradient was applied during chromatography, starting with 20% of B and increasing to 80% at the end. Detection was performed by a fluorescence detector set at 340 and 450 nm of excitation and emission wavelengths, respectively (266/305 nm for proline). These conditions do not allow for the detection and quantification of cysteine and tryptophan, so only 18 amino acids were quantified. For this quantification, norvaline was used as the internal standard, and the response factor of each amino acid was determined using a 250 pmol/μl standard mix of amino acids. The software used was the ChemStation for LC 3D Systems (Agilent Technologies).

Supporting information {#sec026}
======================

###### The Asn auxotrophy of the *yw* line is not due to mutations in the *AsnS* gene.

Pairwise alignment of the AsnS coding region sequenced from *D*. *melanogaster yw* and the AsnS coding region from *D*. *melanogaster* reference genome, Bloomington \#2057. *yw*, *yellow-white*.

(TIF)

###### 

Click here for additional data file.

###### Lp^NC8^Δ*dlt*~op~, but not Ap^WJL^::Tn*pqq*, shows a loss of function of its intrinsic growth-promoting ability in HD.

D~50~ of GF larvae and larvae associated with Ap^WJL^, Ap^WJL^::Tn*pqq*, Lp^NC8^, and Lp^NC8^Δ*dlt*~op~, reared on complete HD. We performed a Kruskal--Wallis test followed by post hoc Dunn tests to compare each gnotobiotic condition to GF. \**p*-value \< 0.05, \*\*\*\**p*-value \< 0.0001. Ap^WJL^, *A*. *pomorum*^WJL^; *dlt*, XXX; D~50~, day when 50% of larvae population has entered metamorphosis; GF, germ-free; HD, Holidic Diet; Lp^NC8^, *L*. *plantarum*^NC8^; ns, nonsignificant; *pqq*, pyrroloquinoline-quinone--dependent; Tn, transposon.

(TIF)

###### 

Click here for additional data file.

###### Quantity of Ap^WJL^ and Lp^NC8^ on different HDs in presence of larvae.

\(A\) Bacterial load per larva at day 6 postinoculation. Boxplots show minimum, maximum, and median. Each dot shows an independent replicate. (B) Load of Ap^WJL^ and Lp^NC8^ in solid HD in presence of larvae 3 days and 6 days after inoculation. Plot shows mean with standard error based on 3 replicates by assay. Each dot represents an independent replicate. The dashed line represents the level of inoculation at *t* = 0 h (10^4^ CFUs per tube). Ap^WJL^, *A*. *pomorum*^WJL^; CFU, colony-forming unit; HD, Holidic Diet; Lp^NC8^, *L*. *plantarum*^NC8^.

(TIF)

###### 

Click here for additional data file.

###### Inference from genomic analysis of the biosynthetic capabilities for amino acid production in *D*. *melanogaster*, Ap^WJL^, and Lp^NC8^.

Ap^WJL^, *A*. *pomorum*^WJL^; f/i, targeted amino acid biosynthesis is feasible/impossible in a depleted medium; Lp^NC8^, *L*. *plantarum*^NC8^.

(XLSX)

###### 

Click here for additional data file.

###### Inference from genomic analysis of the biosynthetic capabilities for vitamins production in *D*. *melanogaster*, Ap^WJL^, and Lp^NC8^.

Ap^WJL^, *A*. *pomorum*^WJL^; f/i: targeted vitamin biosynthesis is feasible/impossible in a depleted medium; Lp^NC8^, *L*. *plantarum*^NC8^.

(XLSX)

###### 

Click here for additional data file.

###### OD~Max~ of Ap^WJL^ and Lp^NC8^ grown in 39 HDs.

Mean and SEM of OD~Max~ reached by Ap^WJL^ or Lp^NC8^ grown in complete liquid HD (first line) or liquid HD lacking nutrient X (ΔX, lines below) during 72 h of growth. Ap^WJL^, *A*. *pomorum*^WJL^; HD, Holidic Diet; Lp^NC8^, *L*. *plantarum*^NC8^; OD~Max~, maximal optical density; SEM, Standard Error of the Mean.

(XLSX)

###### 

Click here for additional data file.

###### D~50~ of larvae in 40 HDs and 5 gnotobiotic conditions.

Mean and SEM of D~50~ of GF larvae or larvae associated with Ap^WJL^, Lp^NC8^, Ap^WJL^~HK~, and Lp^NC8^~HK~. n: number of independent replicates for each condition. For each gnotobiotic condition, we performed a Kruskal--Wallis test followed by post hoc Dunn test to compare each nutritional environment to complete HD. Ap^WJL^, *A*. *pomorum*^WJL^; D~50~, day when 50% of larvae population has entered metamorphosis; GF, germ-free; HD, Holidic Diet; HK, heat-killed; Lp^NC8^, *L*. *plantarum*^NC8^; SEM, Standard Error of the Mean.

(XLSX)

###### 

Click here for additional data file.

###### Egg-to-pupa survival in 40 HDs and 5 gnotobiotic conditions.

Mean and SEM of egg-to-pupa survival of GF larvae or larvae associated with Ap^WJL^, Lp^NC8^, Ap^WJL^~HK~, and Lp^NC8^~HK~. n: number of independent replicates for each condition. For each gnotobiotic condition, we performed a Kruskal--Wallis test followed by post hoc Dunn test to compare each nutritional environment to complete HD. Ap^WJL^, *A*. *pomorum*^WJL^; GF, germ-free; HD, Holidic Diet; HK, heat-killed; Lp^NC8^, *L*. *plantarum*^NC8^; SEM, Standard Error of the Mean.

(XLSX)

###### 

Click here for additional data file.

###### Comparison of genome-based metabolic predictions with in vivo auxotrophies and bacterial complementation of larval nutritional deficiencies.

Can partner A synthesize nutrient X? Prediction from automated annotation and metabolic reconstruction (from [Fig 1](#pbio.3000681.g001){ref-type="fig"}, [S1](#pbio.3000681.s004){ref-type="supplementary-material"} and [S2](#pbio.3000681.s005){ref-type="supplementary-material"} Tables). Can partner A grow in the absence of nutrient X? Auxotrophy observed in vivo (from [Fig 3A and 3B](#pbio.3000681.g003){ref-type="fig"}). Can bacterial partner A promote larval growth on HD ΔX? In vivo complementation of ex-GF larvae requirements (from [Fig 4A](#pbio.3000681.g004){ref-type="fig"}), y: yes (green), n: no (red). Hypothesis to explain contradiction: why the different approaches do not always lead to the same conclusion. GF, germ-free; HD, Holidic Diet; NA, Nonapplicable.

(XLSX)

###### 

Click here for additional data file.

###### All experimental data used to generate graphs of this manuscript.

(XLSX)

###### 

Click here for additional data file.
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\[ThiS\]-COSH

:   \[ThiS\]-thiocarboxylate

a.u.

:   arbitrary unit

Ap^WJL^

:   *Acetobacter pomorum*^WJL^

BCAA

:   branched-chain amino acid

CFU

:   colony-forming unit

CR

:   conventionally raised

CycADS

:   Cyc Annotation Database System

D~50~

:   day when 50% of larvae population has entered metamorphosis

DGRP

:   *Drosophila* Genetic Reference Panel

DT

:   developmental timing

EAA^Fly^

:   fly essential amino acid

EC

:   Enzyme Commission

FAD

:   Flavin Adenine Dinucleotide

FLYAA

:   fly exome-matched amino acid ratio

FMN

:   Flavin mononucleotide

FMOC

:   9-fluorenylmethyl chloroformate

GF

:   germ-free

HD

:   Holidic Diet

HK

:   heat-killed

HPLC-MS

:   High-Performance Liquid Chromatography coupled with Mass Spectrometry

IIS

:   insulin/insulin-like growth factor signaling

LOD

:   limit of detection

Lp^NC8^

:   *Lactobacillus plantarum*^NC8^

MRS

:   De Man, Rogosa, and Sharpe

*MtnB*/*C*

:   genes encoding metallothionein B/C

NAL

:   nucleic acid and lipid

NCBI

:   National Center for Biotechnology Information

NEAA^Fly^

:   fly nonessential amino acid

NMR

:   Nuclear Magnetic Resonance

OD~Max~

:   maximal optical density

OPA

:   ortho-phthalaldehyde

PC

:   phosphatidylcholine

PE

:   phosphatidylethanolamine

peg

:   protein encoding gene

PG

:   phosphatidylglycerol

PQQ-ADH

:   pyrroloquinoline-quinone--dependent alcohol dehydrogenase

Tn

:   transposon

TSP

:   Trimethylsillyl Propionic Acid

*w*^1118^

:   *white*^*1118*^

WT

:   wild type

*yw*

:   *yellow-white*
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19 Aug 2019

Dear Dr Leulier,

Thank you for submitting your manuscript entitled \"Commensal bacteria differentially shape the nutritional requirements of Drosophila during juvenile growth\" for consideration as a Research Article by PLOS Biology.

Your manuscript has now been evaluated by the PLOS Biology editorial staff as well as by an academic editor with relevant expertise and I am writing to let you know that we would like to send your submission out for external peer review.

However, before we can send your manuscript to reviewers, we need you to complete your submission by providing the metadata that is required for full assessment. To this end, please login to Editorial Manager where you will find the paper in the \'Submissions Needing Revisions\' folder on your homepage. Please click \'Revise Submission\' from the Action Links and complete all additional questions in the submission questionnaire.

\*Please be aware that, due to the voluntary nature of our reviewers and academic editors, manuscripts may be subject to delays during the holiday season. Thank you for your patience.\*

Please re-submit your manuscript within two working days, i.e. by Aug 21 2019 11:59PM.

Login to Editorial Manager here: <https://www.editorialmanager.com/pbiology>

During resubmission, you will be invited to opt-in to posting your pre-review manuscript as a bioRxiv preprint. Visit <http://journals.plos.org/plosbiology/s/preprints> for full details. If you consent to posting your current manuscript as a preprint, please upload a single Preprint PDF when you re-submit.

Once your full submission is complete, your paper will undergo a series of checks in preparation for peer review. Once your manuscript has passed all checks it will be sent out for review.

Feel free to email us at <plosbiology@plos.org> if you have any queries relating to your submission.

Kind regards,

Lauren A Richardson, Ph.D

Senior Editor

PLOS Biology
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19 Sep 2019

Dear Dr Leulier,

Thank you very much for submitting your manuscript \"Commensal bacteria differentially shape the nutritional requirements of Drosophila during juvenile growth\" for consideration as a Research Article at PLOS Biology. Your manuscript has been evaluated by the PLOS Biology editors, an Academic Editor with relevant expertise, and by several independent reviewers.

As you will read, the reviewers appreciated many aspects of your work. They do raise some concerns, however, that will need to be addressed in a revision. Of particular note, Rev \#4 would like to see addressed to which extent the differences in time of development are due to differences in macronutrients availability in the form of bacterial loads. Therefore Rev \#4 requests measuring microbial loads in fly food with and without flies in different food/bacteria combinations where an effect was investigated. The academic editor suggests this to be explicitly addressed and discussed in the text. Measuring the bacterial loads in all the conditions and relate them to time of development would be interesting. However, in may be sufficient to measure Acetobacter and Lactobacillus loads in a subset of these. The Academic Editor also believes that Rev \#3\'s point regarding the discrepancies between predicted and observed auxotrophies/requirements is important to address with further experimental work. S/he also believes that the suggestion for screening to find new genes involved in nicotinate pathway of bacteria is outside the scope of this paper. Lastly, the Academic Editor recommends that you reconsider the use of the term \"commensal\" in the title and throughout the manuscript, using instead "gut-associated bacteria" or, better, "Drosophila-associated bacteria".

In light of the reviews (below), we will not be able to accept the current version of the manuscript, but we would welcome resubmission of a much-revised version that takes into account the reviewers\' comments. We cannot make any decision about publication until we have seen the revised manuscript and your response to the reviewers\' comments. Your revised manuscript is also likely to be sent for further evaluation by the reviewers.

Your revisions should address the specific points made by each reviewer. Please submit a file detailing your responses to the editorial requests and a point-by-point response to all of the reviewers\' comments that indicates the changes you have made to the manuscript. In addition to a clean copy of the manuscript, please upload a \'track-changes\' version of your manuscript that specifies the edits made. This should be uploaded as a \"Related\" file type. You should also cite any additional relevant literature that has been published since the original submission and mention any additional citations in your response.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

Before you revise your manuscript, please review the following PLOS policy and formatting requirements checklist PDF: <http://journals.plos.org/plosbiology/s/file?id=9411/plos-biology-formatting-checklist.pdf>. It is helpful if you format your revision according to our requirements - should your paper subsequently be accepted, this will save time at the acceptance stage.

Please note that as a condition of publication PLOS\' data policy (<http://journals.plos.org/plosbiology/s/data-availability>) requires that you make available all data used to draw the conclusions arrived at in your manuscript. If you have not already done so, you must include any data used in your manuscript either in appropriate repositories, within the body of the manuscript, or as supporting information (N.B. this includes any numerical values that were used to generate graphs, histograms etc.). For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

For manuscripts submitted on or after 1st July 2019, we require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare them now, if you have not already uploaded them. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>.

Upon resubmission, the editors will assess your revision and if the editors and Academic Editor feel that the revised manuscript remains appropriate for the journal, we will send the manuscript for re-review. We aim to consult the same Academic Editor and reviewers for revised manuscripts but may consult others if needed.

We expect to receive your revised manuscript within two months. Please email us (<plosbiology@plos.org>) to discuss this if you have any questions or concerns, or would like to request an extension. At this stage, your manuscript remains formally under active consideration at our journal; please notify us by email if you do not wish to submit a revision and instead wish to pursue publication elsewhere, so that we may end consideration of the manuscript at PLOS Biology.

When you are ready to submit a revised version of your manuscript, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' where you will find your submission record.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive thus far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Lauren A Richardson, Ph.D

Senior Editor

PLOS Biology
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Reviews

Reviewer \#1: Christen Mirth, signed review

This manuscript by Consuegra and colleagues describes a detailed and thorough set of experiments that define the nutrient requirements of the fruit fly, Drosophila melanogaster, and two of its commensal bacteria, Acetobacter pomorum and Lactobacillus plantarum. They match in silico analyses of the biosynthetic capabilities of each organism with in depth experiments exploring the growth capacities of each bacteria, and of Drosophila with and without bacteria on a chemically defined (holidic) diet. This allows them to explicitly address how the nutrient requirements can be met by bacteria under nutrient stress.

By sequentially dropping out each of the 38 nutrients in the holidic diet, they first determine the precise nutrient requirements for growth of both bacteria and for egg to pupal development in Drosophila. Next, they found that when they co-culture larvae with either bacteria on these drop-out diets, the bacteria are able to rescue larval development for a limited set of nutrients that are essential to larvae. These commensals differ in their ability to compensate, with A. pomorum able to sustain larval development over a greater number of nutrient-depleted diets. The authors supplement these findings by feeding heat killed bacteria to larvae on the holidic drop-out diets. Heat killed bacteria were unable to rescue developmental timing for any of the fly essential amino acid drop-out diets. This eliminates the potential that the observed effects are due to the fact that the bacteria themselves are being used as food.

Finally, the authors conduct experiments to try to understand how the commensal bacteria supply essential nutrients to their host. They do this by culturing bacteria in the drop-out diets for 18/22 amino acids and assessing whether the bacteria secrete the missing amino acid. Curiously, while bacteria rescue developmental timing in larvae for a range of amino-acid drop-out diets (all 22 amino acids for A. pomorum, 15 amino acids for L. plantarum), they were only able to detect 7 and 1 amino acid in the supernatant for A. pomorum and L. plantarum respectively. This highlights that future work will be key to understanding how bacteria deliver the necessary nutrients to their host.

This work demonstrates in an exquisitely precise manner the relationship between a host, it's microbes, and the host's diets. This type of in depth analysis is possible in only a few organisms, but will serve for generating broad perspectives on host/commensal interactions under dietary stress. Given that the microbiome has been linked to growth, fitness, and health of a wide range of animals, this work is sure to be of interest to biologists and health scientists.

I find this work to be very thorough, and the authors have taken care to use appropriate statistical methods. Further, their story is clear and well-explained. I have only a few comments that I think might help.

In the results section (lines 369-371), it would be useful to briefly outline the rearing conditions of the larvae (especially because the methods come after the results). I was unsure, until I checked the methods, whether these larvae were reared from egg until pupae on the holidic diets.

The authors mention that they were unable to detect a number of amino acids in the supernatant when their bacteria were cultured on the holidic diet, and discuss potential reasons why. This was especially notable in L. plantarum, where they were only able to detect the secretion of histidine. I think it would be worth raising the point that the culture conditions of bacteria on holidic diet are likely to differ significantly from the conditions in the larval guts, and that both A. pomorum and L. plantarum could very well be receiving cues from the larva itself to produce/secrete these nutrients.

Minor comments:

Line 68: The abbreviation "Dm" is used infrequently throughout the text. My preference would be to use \"Drosophila\", to avoid introducing additional acronyms. Also, in some parts you use Drosophila, others D. melanogaster. For consistency, I would pick one.

Line 317: Consider changing "On the contrary" to "In contrast".

\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Reviewer \#2:

The study by Consuegara and Greiner et al. looks at the potential of two major gut commensals of Drosophila melanogaster (Dm) to modulate the nutritional requirements of the host.

It is well known that the gut microbiota plays an important role in nutrition of the host, in particular in the case of malnutrition and during juvenile growth. However, a systematic experimental study to identify which dietary nutrients can be complemented by a gut symbiont has not been conducted. In the current study, the authors first predict - based on genomic data and in silico metabolic network reconstruction - the biosynthetic capacities of Dm germ-free larvae and the two major gut commensals. Then, they carry out an elegant nutritional screen to experimentally determine which nutrients of a defined larval diet can be complemented by the two gut commensals to sustain larval growth.

To the best of my knowledge, there is no other study that has conducted a similar systemic screen to probe which nutritional requirements of the host can be complemented by gut commensals. The results provide many new insights into the nutritional roles of the two major gut commensals of Dm and show that the metabolism of the host and the gut commensals are highly integrated. Of particular interest is the combination of in silico predictions and experimental data, because this combined approach allowed the authors to discovery interactions that otherwise would not have been identified.

Overall this is an exciting study with many new and relevant insights for the field of microbiome research. The experiments seem to have been designed and carried out with great care and the results are well presented in both text and figures. My only two major points are that the manuscript seems to be very long and the language sometimes more complicated than needed.

Major comments:

1\. Language could be simplified. The broad readership of PLoS Biology will have difficulties to fully appreciate the relevance of this paper. In particular, phrasing of the abstract is overly complicated. A striking example is the first sentence. Wouldn't it be as simple as writing "The interplay between nutrition and the gut microbiome plays a central role in determining juvenile growth in animals"? I would recommend to carefully go through the entire manuscript and remove jargon and unnecessarily complicated phrases. I would also recommend to replace the term 'microbial environment' with something else throughout the text, because this term could also refer to the environment of the bacteria instead of the bacterial characteristics of the host environment. Why not use 'composition of the microbiome' or simply 'microbiome' or 'host-associated microbiome'?

2\. My second major concern is that the manuscript seems to be overly long. It is fine that authors take great care in explaining and discussing their results. However, in particular the first section of the Results/Discussion about the metabolic capabilities of the three partners is lengthy (Line 169-265). Most of it could be moved to the supplementary, and authors could simply keep the last paragraph of each section which summarizes each partners' capabilities as based on the analysed genomic data. I would also recommend that the authors make an effort to go through the other sections and try to shorten to keep the focus on the most relevant findings.

Minor:

3\. I would not use the word semi-essential, but rather consistently use \'conditionally essential\'

4\. Line 50. Instead of 'transformed', 'modulated' may be a better term.

5\. Line 99: May be this is just me, but I do not understand why the finding that the bacteria-mediated growth benefits are only observed under nutrient scarcity would suggest that the microbiota complements nutrients. Previously, the authors and others have shown that bacteria-mediated growth benefits are due to the induction of peptidases and insulin signalling. Can't these effects be sufficient to explain the beneficial growth? May be provide a better explanation.

6\. Line 146: I disagree that this is a 'unique' opportunity. Genomes of many gut symbionts and their dedicated hosts are available allowing similar studies.

7\. Fig 3B. 'Growth x-times inoculum' is a strange way of plotting the data and labelling the axis. Why not showing absolute number of CFUs, e.g before and after growth? Authors state that there was no difference in growth between conditions, but no statistics have been applied. This should be revised.

8\. Fig 4A. Why does this heatmap not go from dark red to white as in the previous figure? A heatmap from red to yellow, to green, and to blue makes little sense, and at least to me it is not intuitive which color corresponds to long or short developing time, especially as 'no development' is assigned the 'color' white.

9\. Line 403. A less cryptic section title would be helpful.

10\. Line 444. The title of this section also needs to be edited in my opinion. I would suggest writing 'Fulfills ... requirements'. I don't think 'Fulfills ... auxotrophies' is what the authors mean here.

11\. Line 573: A more conceptually description of case 4 would be desired. I would also replace the word 'case' by 'scenario' for all four descriptions. As these are not individual cases (like case studies...), but possible types of nutrient complementation.

12\. The discussion of the four different 'cases'/'scenarios' is interesting. However, it would be good to know how many of the tested nutrients belong to each of these scenarios. Which one is the dominant type?

13\. Line 673. Very long sentence. Why not split in two?

14\. Line 686. Instead of 'foundational blueprint', why not simply say 'basis'? These and other complicated words should be removed to keep the text less cryptic. (see my point 1)

15\. To colonize germ-free Dm, bacteria were inoculated on the growth substrate and the Dm eggs. To test the effect of heat-killed cells, 10x more heat-killed bacterial cells than live bacterial cells were inoculated. This sounds like a lot. However, it is not clear how much the live bacteria grew after inoculation on the substrate. It may be much more than 10x, and hence the bacteria could simply serve as 'food' rather than active symbiotic partners for nutrition. Could the authors please comment on this? Likewise, it would be interesting to know more about the bacterial abundance in the gut? Did both bacteria colonize the gut to the same extent under the different nutrient conditions tested that may have influenced their capacity to complement nutrients.

\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Reviewer \#3:

The study by Consuegra and coworkers addresses metabolic crosstalk between Drosophila melanogaster and its two commensal bacteria, Lactobacillus plantarum and Acetobacter pomorum. The authors use in silico metabolic network reconstruction to predict the biosynthetic capacities of Drosophila melanogaster and the two commensals. The authors then systematically test the metabolic dependencies of specific nutrients by utilizing a set of 40 different fully defined diets, lacking one nutrient at a time. In general, the research question is valid and experiments are rigorously conducted.

The data obtained in experiments with holidic diets is in good agreement with the in silico reconstruction: germ free Drosophila melanogaster larvae are auxotrophic for nutrients that cannot be synthesized by it and these auxotrophies are compensated by the commensal, in case it has an intact biosynthetic pathway to synthesize the nutrient. In most cases, bacteria need to be living to compensate for the missing nutrient, although some exceptions are found. Moreover, the study uncovers that Drosophila melanogaster and its facultative commensals have separated metabolic pathways, in contrast to earlier findings on obligate symbiosis. While these findings are not particularly surprising, the systematic nature of this study makes it an important reference within its field. The reconstructed pathways serve as valuable resources for anyone working on metabolism of Drosophila melanogaster or its commensal bacteria.

More surprisingly, the authors find a small number of cases, where the commensal compensates for the host auxotrophy, despite the lack of a (in silico predicted) biosynthetic pathway for the nutrient. However, these potentially interesting cases remain to be further experimentally explored by the authors.

Although I certainly see the value of this systematic study for the scientists in this specific field, I do not currently find sufficiently strong novel biological insight to recommend publication in a general readership journal, like PLoS Biology. In my view, the study would be perhaps more suitable for a field-specific journal in its current form. However, further understanding and experimental analysis of the cases, where auxotrophy is compensated without a known biosynthetic pathway, would have the potential to make the conclusions significantly more interesting to a broader audience.

Major comments:

1\. The authors state: "In the case of pyridoxine, ApWJL may fulfill larval requirements by either a functional compensation or through pyridoxine biosynthesis by non-canonical pathways (see above). We reach the same conclusion regarding nicotinate."

The bacteria must be able to synthesize nicotinate somehow. This needs to be resolved prior to publication. Some bacteria are able to synthesize nicotinate from both tryptophan, in addition aspartate (e.g. PMID:14700627). Are you sure both pathways are missing from both commensal strains? If yes, discovery of a new nicotinate biosynthesis pathway would certainly increase the scientific impact of the study. Nicotinate (or its downstream metabolites) should be measured in nicotinate-deficient media to test the existence of biosynthesis. Using genetic screening in the commensals one should be able to identify genes differentially affecting bacterial growth on Nicotinate +/- media.

2\. The authors state: "ApWJL may synthesize other compounds that Drosophila can use to replace choline. As stated before, Acetobacter mutants precluding phosphatidylcholine (PC) synthesis shift their membrane composition towards increased content of phosphatidylethanolamine (PE) and phosphatidylglycerol (PG)... We posit that ex-GF larvae growing on HDDCholine may capitalize on ethanolamine or glycerol produced by ApWJL to compensate for the lack of choline in their diet."

This is an interesting suggestion that can be tested by lipidomics. Experimental evidence to support this suggestion would significantly improve the study.

3\. Several conclusions are made to state that the bacteria are unable to synthesize a metabolite (e.g. ApWJL is unable to synthesize de-novo choline and pyridoxine). These conclusions are only based on the in silico predictions and should be experimentally verified.

Minor comments:

4\. Please specify the genotype of Drosophila strain DGRP-RAL-25210

5\. Please justify, why did you choose to use y, w as reference line to study auxotrophies (white encodes a tryptophan transporter).

\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Reviewer \#4:

Consuegra et al use gnotbiotic flies and a chemically defined diet to examine the alleviation of malnutrition by fly gut bacteria. The bacteria convert poor food into more healthy food. While this has been broadly known for quite some time, this study goes into molecular detail as to what specific nutrients are produced and how they influence host health, and to what extent genome annotations are predictive in this case. This is a necessary step towards formulation of precision probiotics, and thus this study provides a template for future work. It puts some real world details to the cartoon view that the microbiome can change our health. I think that is the paper\'s main strength. We now know from this example how bacteria aid host nutrition based on provision of key nutrients. In some respects this is not novel, but the comprehensive nature of the experiments, using the holidic media for in vitro and in vivo tests, and using the Drosophila model mediates that because it sets up future studies.

Overall I think the study design, approach and data are solid and should be published. I have minor comments, mainly to do with the hype, which I found distracting. It would greatly improve the paper to simply focus on the experiments, which are nice. Significantly shortening the Introduction would accomplish that. The extensive presentation of the genome annotations in the results section could be condensed or put in the supplement. The experimental validation of the auxotrophies is much clearer.

Some additional issues that the authors need to address before publication:

There is an issue of whether the effects seen on fly development are due to auxotrophy or due to an overall lack of sufficient macronutrients like protein, fat, and carbohydrate. Auxotrophy means the flies cannot develop without the nutrient. Changes in rate of development are not due to auxotrophy but often a macronutrient limitation, which can be compensated by the bacterial load. The authors find many cases of such compensation. Work from the Ja lab has shown this explicitly, and it should be addressed in the paper (e.g. Yamada et al 2015; Keebaugh et al 2018; Keebaugh et al 2019). Yet while that is a null hypothesis, there certainly can be more precise compensation, which the authors cover to some extent.

To this point, the only additional experiment I would like to see is a measurement of microbial load in the fly food with vs without flies present for each food/bacteria combination where an effect was investigated. This is to address the compensatory effects of having more food due to bacteria. Figure 4C & D have these measurements for two of the conditions. Please expand to cover all the cases where a bacterium can compensate for a missing nutrient. Please address the extent to which microbial load can compensate for the changes in development rate and cite the appropriate literature. References on malnutrition and aphids could be reduced to make room.

Specifically regarding the aphid literature, while this is intersting and a classic example of an evolved metabolic interaction, the evidence here is not that flies have such an interaction with their bacterial community. I agree it is likely, but the present experiments do not address it. Maybe future experiments where many different strains were compared for their effect on wild fly development could reveal evolved interactions between the fly and specific strains?

Figure 4: what does \'Niche Load\' mean? Please pick another term. For instance, I suggest \'food alone\' in place of \'medium\' and \'food + larvae\' in place of \'niche load\'.

line 466: In the heat-killed experiments, 10x the number of cells may not be enough to offset bacterial growth on the food. It\'s only \~3 doublings. So these heat-killed experiments would only reveal compensation for micronutrient deficiencies, which appears to be the case. The requirement for metabolic activity of the bacteria is thus more likely to be based on the bacteria serving as a source of macronutrients \-- so this is malnutrition rather than auxotrophy. Rather than doing more experiments, just rephrase this section to note that the bacteria are probably providing macronutrients in the cases where development is still slow. I realize there are some exceptions to this rule, but they\'re not addressed in this experiment.

Figure 5: The negative controls of the media before microbial growth (0h) need to be shown. Otherwise how can we rule out contamination, which is common in chemical reagents? Also, Figure 5B apppears to be misplotted.

Lp NC8 was isolated from grass silage and therefore is not a fly commensal; it should not be referred to that way. In the text, please note the origin of the strain and the reason it was selected over a true commensal (presumably the genetic tractability). It does not diminish the study but could mislead readers if they do not know the strain\'s history.

The authors refer to in silico analysis but in fact they just ran an automated annotation pipeline and manually checked results. I found that misleading and was waiting for the in silico experiment as I read the paper, but it never came. Computational biologists refer to computational experiments as in silico when an actual experiment has been performed, such as to predict growth rates in FBA models. This is similar to the way experimentalists do something in vitro or in vivo. The results presented here are not an in silico experiment but rather an automated trip to the library. To get rid of this misleading terminology, please change \'in silico\' to \'genome annotation\' or something like that. For instance, tables S1 and S2 refer to \'genomic analysis\', which sounds accurate.

line 28-29 of Abstract: Please remove this sentence. It sounds like a claim for some mystic feature of the microbiome, but as the authors point out in the paper, there are many likely causes, such as incorrect pathway annotations and provision of precursors rather than final products.

Line 32-35 of Abstract: Please remove this sentence. This handwaving about a \'novel facet of the facultative nutritional mutualism\' sounds grandiose, but the preceeding sentence covers what the study found. These aspects of the writing are distracting from the nice scientific evidence presented in the results.

Line 151: If a nutrient can be \"functionally compensate\[d\]\" for, it means the organism is not an auxotroph for that nutrient. It is misleading to suggest otherwise. Malnutrition and auxotrophy are different. Please rephrase so that readers don\'t get the false impression that something more complicated is occurring. The delineation of the 4 cases in the results is good. Please just be careful throughout the manuscript to keep auxotrophy and malnutrition separate.

Line 207-210: Seems somewhat irrelevant. Cut.

Line 476: I like this section as it clarifies many of the vagaries in terms of what the microbiome is actually doing.

Line 571: check typos

Line 614: typo: \--\> \"\...to directly test this\...\"

Line 623: typo: \--\> \"accumulation of\"

Line 624: typo: \--\> \"except\"

Line 668: typo: \--\> \"evokes\"

In the discussion/conclusion, it would be nice to note to what extent the microbial benefit can be due to catabolism of excess, harmful nutrients as opposed to provision of scarce nutrients.

Methods: Was gap filling (in the pathways) performed? I did not have time to look up the methods paper referenced. It would be worth mentioning it because hypothesized gaps are examined in the results section.

Line 743: Just a note \-- autoclaving sucrose can caramelize it, complicating the chemical composition, and causing batch to batch variation. Best to filter sterilize and add after the autoclaving. But it does not seem to have affected the results here.

10.1371/journal.pbio.3000681.r003

Author response to Decision Letter 1

21 Jan 2020

###### 

Submitted filename: Point-by-point_answers.docx

###### 

Click here for additional data file.

10.1371/journal.pbio.3000681.r004

Decision Letter 2

Richardson

Lauren A

Senior Editor

© 2020 Lauren A Richardson

2020

Lauren A Richardson

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

10 Feb 2020

Dear Dr Leulier,

Thank you for submitting your revised Research Article entitled \"Commensal bacteria differentially shape the nutritional requirements of Drosophila during juvenile growth\" for publication in PLOS Biology. I have now obtained advice from three of the original reviewers and have discussed their comments with the Academic Editor.

As you will read, the reviewers all found your revised manuscript much improved. We will likely publish your study, assuming you are willing to make some final minor edits. In particular, we have two points regarding terminology/word choice. First, and most important, the Academic Editor and Rev \#4 are not convinced by your arguments to use the term \"commensal\", especially as you admit there might be a mutualistic interaction occurring. We reiterate our request to use \"Drosophila-associated bacteria\" instead. Second, in the abstract and in the text you use the term \"sparing\". We do not believe the concept of nutrient sparing is widely understood and so recommend either defining this concept or using a more intuitive term.

We expect to receive your revised manuscript within two weeks. Your revisions should address the specific points made by each reviewer. In addition to the remaining revisions and before we will be able to formally accept your manuscript and consider it \"in press\", we also need to ensure that your article conforms to our guidelines. A member of our team will be in touch shortly with a set of requests. As we can\'t proceed until these requirements are met, your swift response will help prevent delays to publication.

\*Copyediting\*

Upon acceptance of your article, your final files will be copyedited and typeset into the final PDF. While you will have an opportunity to review these files as proofs, PLOS will only permit corrections to spelling or significant scientific errors. Therefore, please take this final revision time to assess and make any remaining major changes to your manuscript.

NOTE: If Supporting Information files are included with your article, note that these are not copyedited and will be published as they are submitted. Please ensure that these files are legible and of high quality (at least 300 dpi) in an easily accessible file format. For this reason, please be aware that any references listed in an SI file will not be indexed. For more information, see our Supporting Information guidelines:

<https://journals.plos.org/plosbiology/s/supporting-information>

\*Published Peer Review History\*

Please note that you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*Early Version\*

Please note that an uncorrected proof of your manuscript will be published online ahead of the final version, unless you opted out when submitting your manuscript. If, for any reason, you do not want an earlier version of your manuscript published online, uncheck the box. Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us as soon as possible if you or your institution is planning to press release the article.

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

\*Submitting Your Revision\*

To submit your revision, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' to find your submission record. Your revised submission must include a cover letter, a Response to Reviewers file that provides a detailed response to the reviewers\' comments (if applicable), and a track-changes file indicating any changes that you have made to the manuscript.

Please do not hesitate to contact me should you have any questions.

Sincerely,

Lauren A Richardson, Ph.D

Senior Editor

PLOS Biology

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

DATA POLICY:

You may be aware of the PLOS Data Policy, which requires that all data be made available without restriction: <http://journals.plos.org/plosbiology/s/data-availability>. For more information, please also see this editorial: <http://dx.doi.org/10.1371/journal.pbio.1001797>

Thank you for providing your data. Please ensure that figure legends in your manuscript include information on where the underlying data can be found, and ensure your supplemental data file/s has a legend.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Reviews

Reviewer \#2:

I would like to thank the authors for replying to all my suggestions and edit the manuscript accordingly. I have no further comments.

\-\-\-\-\-\-\-\-\-\-\-\--

Reviewer \#3:

The authors have made a substantial effort to address the issues raised in my original review. The revised manuscript is much improved. I am happy to support publication.

\-\-\-\-\-\-\-\-\-\-\-\--

Reviewer \#4:

The authors have sufficiently addressed all of my experimental concerns and done a nice job of intergating the new results and rewriting the manuscript. I think the paper should be accepted.

Regarding the use of the term \"commensal,\" I agree with the editor that it should be limited, and \"Drosophila-associated bacteria\" may be better

Grammar & typos:

Line 44-45: \"organism, but insufficiently so under certain\...\" \--\> \"organism but insufficiently under\"

Line 596: factors \--\> factor

Line 691: change \"in silico\" to \"genomically\" or other word

Line 719: \"alive Drosophila\'s commensal bacteria\" \--\> \"live commensal bacteria\"

Line 728: \"catabolize excess of nutrients\" \--\> \"catabolize excess nutrients\"

Line 737: \"Previously, combination\" \--\> \"Previously, a combination\"

Line 740: change \"in silico\" \--\> \"genomic\" ?

10.1371/journal.pbio.3000681.r005

Author response to Decision Letter 2

28 Feb 2020

###### 

Submitted filename: Point-by-point_answers.docx

###### 

Click here for additional data file.
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Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

4 Mar 2020

Dear Dr Leulier,

On behalf of my colleagues, I am pleased to inform you that we will be delighted to publish your Research Article in PLOS Biology.

The files will now enter our production system. You will receive a copyedited version of the manuscript, along with your figures for a final review. You will be given two business days to review and approve the copyedit. Then, within a week, you will receive a PDF proof of your typeset article. You will have two days to review the PDF and make any final corrections. If there is a chance that you\'ll be unavailable during the copy editing/proof review period, please provide us with contact details of one of the other authors whom you nominate to handle these stages on your behalf. This will ensure that any requested corrections reach the production department in time for publication.

Early Version

The version of your manuscript submitted at the copyedit stage will be posted online ahead of the final proof version, unless you have already opted out of the process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

PRESS

We frequently collaborate with press offices. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximise its impact. If the press office is planning to promote your findings, we would be grateful if they could coordinate with <biologypress@plos.org>. If you have not yet opted out of the early version process, we ask that you notify us immediately of any press plans so that we may do so on your behalf.

We also ask that you take this opportunity to read our Embargo Policy regarding the discussion, promotion and media coverage of work that is yet to be published by PLOS. As your manuscript is not yet published, it is bound by the conditions of our Embargo Policy. Please be aware that this policy is in place both to ensure that any press coverage of your article is fully substantiated and to provide a direct link between such coverage and the published work. For full details of our Embargo Policy, please visit <http://www.plos.org/about/media-inquiries/embargo-policy/>.

Thank you again for submitting your manuscript to PLOS Biology and for your support of Open Access publishing. Please do not hesitate to contact me if I can provide any assistance during the production process.

Kind regards,

Alice Musson

Publication Assistant,

PLOS Biology

on behalf of

Hashi Wijayatilake,

Managing Editor

PLOS Biology

[^1]: The authors have declared that no competing interests exist.
